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High  Speed  Body  Motion  in  Water 

(AGARD  R-827) 


Executive  Summary 


This  report  is  a  compilation  of  the  edited  proceedings  of  a  Workshop  on  “High  Speed  Body  Motion  in 
Water”  held  at  the  National  Academy  of  Sciences  Kiev,  Ukraine,  1-3  September  1997.  The  material 
assembled  in  this  report  was  prepared  under  the  combined  sponsorship  of  the  NATO  Partnership  for 
Peace  Program,  the  AGARD  Fluid  Dynamics  Panel,  the  Institute  of  Hydromechanics  in  Kiev,  and  the 
United  States  Air  Force  European  Office  of  Aerospace  Research  and  Development.  It  was  appropriate 
that  the  Workshop  be  co-sponsored  with  the  Institute  of  Hydromechanics  in  Kiev,  where  for  many  years 
there  has  been  an  active  research  effort  in  many  aspects  of  high  speed  motion  in  water.  One  of  the  main 
purposes  of  this  Workshop  was  to  showcase  the  research  of  the  Institute  in  this  area  to  participants  from 
the  NATO  countries. 

The  technical  topics  covered  during  the  Workshop  included  Hydrobionics,  Boundary  Layer  Flows, 
Supercavitating  Flows,  Air-Water  Penetration,  and  Control  of  Cavitation.  Hydrobionics  is  the  science  of 
studying  the  structure,  form,  and  movement  of  swimming  animals  in  order  to  determine  possible  ways 
to  achieve  better  efficiency,  such  as  drag  reduction  and  an  increase  of  propulsion  efficiency  with 
minimum  possible  energy  expenditures,  for  bodies  such  as  submarines  and  missiles. 

A  general  summary  of  noise  generation  by  high  speed  bodies  in  water  was  given.  It  was  clear  that  this 
field  is  not  well  understood  at  the  present  time,  and  that  a  great  deal  more  research  effort  is  required  in 
this  area.  In  addition,  presentations  were  given  on  a  Simple  Model  for  the  Aero-Hydrodynamics  of 
Ekranoplans,  and  on  the  Movement  of  a  Wing  Above  a  Wavy  Water  Surface.  Of  the  35  presented 
papers,  18  came  from  the  Ukraine,  5  from  Russia  and  12  from  the  NATO  nations. 
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Le  mouvement  des  corps  evoluant 
a  grande  vitesse  dans  Fean 

(AGARD  R-827) 


Synthese 

Ce  rapport  est  un  recueil  des  travaux  de  1’ atelier  sur  “le  mouvement  des  corps  evoluant  a  grande  vitesse 
dans  I’eau”,  organise  a  I’Academie  nationale  des  sciences  a  Kiev,  en  Ukraine,  du  au  3  septembre 
1997.  Les  textes  inclus  dans  ce  rapport  ont  ete  rediges  sous  I’egide  conjointe  du  Programme  OTAN  de 
Partenariat  pour  la  Paix,  du  Panel  AGARD  de  la  dynamique  des  fluides,  de  I’lnstitut  d’Hydromecanique 
de  Kiev  et  du  Directorat  europeen  pour  la  recherche  et  les  realisations  aerospatiales  de  PArmee  de  Pair 
des  Etats-Unis. 

Ce  partenariat  avec  PInstitut  d’Hydrodynamique  de  Kiev  etait  tout  a  fait  indique  car  cet  Institut  travaille 
activement  sur  les  differents  aspects  des  mouvements  a  grande  vitesse  dans  Peau  depuis  de  nombreuses 
annees.  L’un  des  principaux  objectifs  de  cet  atelier  a  ete  de  montrer  les  travaux  de  recherche  de 
PInstitut  dans  ce  domaine  aux  participants  des  pays  de  POTAN. 

Les  sujets  techniques  couverts  par  Patelier  comprenaient  Phydrobionique,  les  ecoulements  de  couche 
limite,  les  ecoulements  supercavitants,  la  penetration  air/eau,  et  le  controle  de  la  cavitation. 
L’hydrobionique  est  la  science  de  la  structure,  la  forme  et  le  mouvement  des  animaux  aquatiques,  qui 
sont  etudies  dans  le  but  d’obtenir  une  meilleure  efficacite  des  corps  en  mouvement  tels  que  les  sous- 
marins  et  les  missiles,  par  la  reduction  de  la  trainee  et  P  amelioration  de  la  propulsion  par  la  reduction 
au  minimum  des  depenses  d’energie. 

Un  resume  global  de  la  gen&ation  du  bruit  par  les  corps  evoluant  a  grande  vitesse  dans  Peau  a  ete 
presente.  II  est  apparu  tres  clairement  que  ce  sujet  n’est  pas  tres  bien  connu  a  Pheure  actuelle  et  que  des 
efforts  de  recherche  supplementaires  considerables  sont  demandes  dans  ce  domaine.  Des 
communications  ont  egalement  ete  presentees  sur  un  modele  simple  de  Paerohydrodynamique  des 
Ekranoplans,  et  sur  le  mouvement  d’un  profil  au-dessus  d’une  surface  d’eau  ondulee.  Des  35 
communications  presentees,  18  ont  ete  proposees  par  PUkraine,  5  de  la  Russie  et  12  des  pays  de 
POTAN. 
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THE  SWIMMING  HYDRODYNAMICS  OF  A  PAIR  OF 
FLAPPING  FOILS  ATTACHED  TO  A  RIGID  BODY 

Promode  R.  Bandyopadhyay 
Naval  Undersea  Warfare  Center  Division 
Weapons  Technology  and  Tactical  Vehicle  Systems  Dept. 
Newport,  Rhode  Island  02841  U.S.A. 
and 

Martin  J.  Donnelly 

Virginia  Polytechnic  Institute  and  State  University 
Department  of  Engineering  Mechanics 
Blacksburg,  Virginia  24061  U.S.A. 


SUMMARY 

Inspired  by  the  natural  action  of  flapping  in  aquatic 
locomotion,  a  dual  flapping  foil  device  was  developed.  The 
performance  of  the  device  in  providing  propulsive  and 
maneuvering  forces  to  small  rigid  axisymmetric  bodies  will  be 
detailed.  Two  modes  of  flapping  were  investigated:  waving 
and  clapping.  The  clapping  motion  of  wings  is  a  common 
mechanism  for  the  production  of  lift  and  thrust  in  the  insect 
world,  particularly  in  butterflies  and  moths.  Waving  is  similar 
to  the  motion  of  the  caudal  fm  of  a  fish.  A  model  was  built  (1 
m  long,  7.6  cm  diameter)  with  flapping  foils  at  the  end  of  the 
tail  cone  and  various  measurements  were  performed  in  a  water 
tunnel.  (In  hindsight,  the  model  can  be  described  as  a  rigid¬ 
bodied  mechanical  seal  because  seals  have  remarkably  similar 
dual  flaps  in  their  tails.)  Time-dependent  tests  of  thrust,  drag, 
and  yawing  moment  were  conducted  for  several  flapping 
frequencies  commonly  observed  in  relevant  aquatic  animals. 
Phase-matched  laser  Doppler  anemometiy  measurements  of 
the  near  wake  were  carried  out  and  detailed  vorticity-velocity 
vector  maps  of  the  vortex  shedding  process  have  been 
obtained  for  the  axial  and  cross-stream  planes.  Dye 
visualization  of  wake  was  documented  and  a  video  recording 
was  prepared  of  the  entire  dynamic  process. 

The  ability  of  the  dual  flapping  foil  device  to  produce  a  net 
thrust  and  maneuvering  cross-stream  forces  has  been 
demonstrated,  although  the  main  body  is  rigid.  Its  wake, 
which  is  composed  of  jets,  is  extremely  wide,  nonrotating,  and 
rapidly  decaying.  The  thrust  production  greatly  increases  with 
Strouhal  number.  The  results  have  been  compared  with  two- 
dimensional  inviscid  flapping  foil  theories  and  measurements. 
The  effect  of  the  rigid  cylinder  on  the  flapping  performance  is 
extracted.  The  efficiency  of  thrust  production  generally 
increases  in  the  waving  mode  which  mimics  the  side-to-side 
head  motion  of  a  fish.  Efficiency  also  tends  to  peak  roughly  in 
the  Strouhal  number  range  popular  among  fish.  Axial  thrust 
shows  sensitivity  to  Strouhal  number  in  the  range  popular 
among  fish.  However,  existing  non-linear  inviscid  theories  do 
not  capture  this  aspect  and  the  strong  viscous  effects  observed 
also  need  to  be  included. 

1.0  BSTRODUCTION 

In  nature,  the  inherent  actions  of  swimming  and  flying  have 
been  perfected  over  millions  of  years.  These  actions  have  been 
the  inspiration  for  many  inventions  in  the  fields  of  aero¬ 


dynamics  and  hydrodynamics.  However,  most  studies  have 
concentrated  on  mechanisms  of  thrust.  The  aspect  of 
maneuverability  has  received  scant  attention.  Aquatic 
locomotion  generally  deals  with  low  absolute  speeds.  A  more 
relevant  speed  parameter  is  body  length  traversed  per  second, 
which  is  frequently  large.  Thus,  considering  our  current 
interest  in  shallow  water  and  small  vehicles,  a  natural  place  to 
look  for  new  ideas  for  maneuvering  and  propulsion  would  be 
the  hydrodynamics  of  aquatic  locomotion.  The  transition  fi-om 
hydrodynamics  in  nature  to  engineering  is  not  straightforward. 
Some  recent  developments  are  described  in  Bandyopadhyay  et 
al.  (ref.  1).  This  paper  is  a  continuation  of  that  effort. 

Many  varieties  of  fish  use  caudal  fins  for  propulsion  and 
pectoral  fins  for  maneuvering.  In  this  paper,  we  will  consider 
the  engineering  reproduction  of  these  control  surfaces  and  use 
a  pair  of  foils  to  simulate  motions  that  are  qualitatively 
similar.  Propulsive  and  lifting  forces  produced  by  flapping 
foils  were  studied  by  JCnoller  and  Betz  from  1909-1912  (see 
ref  2).  From  1924-1936,  Bimbaum,  von  Ktonta,  Burgers, 
and  Garrick  conducted  theoretical  studies  that  proved 
propulsive  efficiency  improved  with  slower  flapping.  Though 
there  is  no  verification,  it  appears  that  German  scientists  tested 
a  flapping  foil  device  for  torpedo  propulsion  during  the  early 
1940s  (see  ref  3).  Gopalkrishnan  et  al.  (ref  4),  Hall  and  Hall 
(ref  5),  and  Jones  et  al.  (ref  2)  have  made  recent  progress. 
These  works  provide  insight  on  the  mechanism  of  propulsion 
and  drag,  and  describe  advanced  diagnostics  of  the  forces  and 
turbulence  in  wake.  Most  importantly,  the  former  authors  (ref 
4)  have  indicated  the  existence  of  an  optimum  standard 
number  for  flapping,  which  squarely  places  the  vortex 
shedding  process  at  the  center  of  the  mechanisms  for 
propulsion  and  maneuvering. 

Several  past  studies  of  flapping  foils  dealt  with  flexible  bodies 
and  propulsion.  However,  we  deal  with  the  maneuvering  of 
rigid  bodies  by  means  of  flapping  foils.  A  simplified 
momentum  model  of  the  dual  flapping  foil  device  (ref  6)  will 
first  be  described.  Then,  we  will  report  the  results  of  a  detailed 
laboratory  experimental  investigation.  An  instrumented  robust 
model  (1  m  long  with  a  7.6-cm  diameter)  was  built  with  a  pair 
of  flapping  foils  installed  at  the  end  of  the  tail  cone  (Figs.  1 
and  2).  The  flapping  frequencies  and  flow  speeds  were  varied. 
Phase-matched  measurements  of  force  and  moments  were 
carried  out  using  a  six-component  dynamic  drag  balance. 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water”, 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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Phase-matched  measurements  of  the  vortex  shedding  in  the 
wake  were  also  conducted  using  a  laser  Doppler  anemometer. 
Data  analysis  included  ensemble  averaging  of  forces  rmd 
moments  and  determination  of  net  axial  forces.  The 
anemometry  data  were  processed  to  produce  phase-matched 
maps  of  vorticity-velocity  vectors  and  circulation  dis¬ 
tributions.  Vortex  threading  diagrams  are  constructed  to  gain 
insight  into  the  mechanism  for  the  production  of  maneuvering 
and  propulsive  forces. 

FLAP 


r 


AXISYMMETRtC 

CYLINDER 


BALANCE 


Fig.  1.  Schematic  diagram  of  the  dual  flapping  foil  device 
mounted  at  the  end  of  the  tail  cone  of  a  rigid  cylinder.  Axis  z  is 
along  span  of  flap. 


Fig.  2.  Photograph  of  water  tunnel  model  of  the  dual  flapping 
foil  device.  Dual  flapping  foils  and  divider  plate  are  shown  on 
the  right  end;  to  the  left  of  foils  lie  the  actuators,  two  phase 
transducers,  and  actuator  control  circuits.  The  six-component 
load  cell  is  located  at  the  junction  of  the  strut  and  cylinder. 


The  present  work,  while  engineering  in  approach,  needs  to  be 
placed  in  the  perspective  of  hydrobionics.  Unambiguous 
identification  of  the  mechanism  of  maneuvering,  thrust,  and 
lift  in  swimming  and  flight  in  nature  continues  to  be 
extremely  difficult  because  of  a  lack  of  objective  diagnostics 
and  controlled  experiments.  The  present  experiment  could 
help  biology  in  this  regard.  Many  quasi-steady  aerodynamic 
explanations  of  biolocomotion  have  actually  been  an 
impediment  to  the  uncovering  of  dynamic  stall  mechanisms 
for  force  enhancement  believed  to  be  widely  practiced  in 
nature  (Ellington,  1995  ref  7).  Three-dimensional  time- 
dependent  accurate  calculation  methods  need  to  be  developed 
that  can  compute  dynamic  stall  characteristics  accurately. 
Measurements  reported  herein  could  help  validate  such 
methods. 


What  are  the  hydrodynamic  differences  between  foils 
mounted  on  rigid  and  flexible  bodies?  According  to  Rayner 
(1995,  ref  8),  “For  a  swimming  fish,  drag  is  enhanced 
substantially  because  of  body  flapping  (estimates  range  to  up 
to  five  times  the  gliding  drag;  Webb,  1975,  ref  9).  The  fish 
must  generate  thrust  to  balance  this  enhanced  flapping  drag, 
but  this  force  will  not  be  reflected  in  the  total  momentum  flow 
far  from  the  fish  if —  as  seems  intuitively  reasonable  —  much 


of  the  enhancement  is  due  to  induced  drag.  If  the  fish  is  well- 
streamlined,  there  may  be  only  a  weak  thrust  wake  in  steady 
swimming.  Momentum  representing  the  flapping-enhanced 
profile  drag  wake  that  will  be  transported  in  vortices 
generated  close  to  the  body;  one  explanation  for  the  paradox 
is  that  these  vortices  approach  and  interact  with  the  lifting 
vortices  at  the  tail  and  annihilate  one  another  before  reaching 
the  wake  (Lighthill,  ref  10).”  The  present  experiment  on  the 
rigid  body  is  unambiguous  in  the  sense  that  the  flap  behavior 
and  wake  are  not  contaminated  by  any  body  flapping  drag  or 
associated  vortices.  Furthermore,  because  circulation  is 
proportionate  to  the  angular  velocity  of  rotation,  it  is  clearly 
ascribable  to  the  flapping  foils  on  a  rigid  body,  but  less  so 
when  the  body  is  flexible. 

The  present  work  originated  from  a  desire  to  apply  the 
mechanisms  of  fish  locomotion  to  rigid  bodies  and  to  focus  on 
devices  that  would  allow  precision  maneuvering.  This  led  to  a 
design  of  a  tail  on  which  two  or  three  flapping  foils  are 
mounted  on  a  ring  and  where  they  could  be  operated 
differentially.  After  the  dual-flapping  foil  model  was  built 
(Figs.  1  and  2)  and  the  measurements  were  completed,  one  of 
the  authors  (P.  R.  Bandyopadhyay)  observed  during  a  trip  to 
the  Mystic  Marinelife  Aquarium  that  seals  and  sea  lions, 
which  have  a  streamlined  body  and  are  known  as  wonderful 
swimmers,  also  have  dual-flapping  foils  (Fig.  3).  Figure  4 
shows  that  the  present  experiment  was  carried  out  in  the 
parameter  range  popular  among  fish. 


Fig.  3.  The  caudal  fins  of  seals  and  sea  lions  are  examples  of 
dual-flapping  foils  which  make  them  wonderful  swimmers. 


Fig.  4.  Comparison  of  flapping  frequencies  of  the  rigid-bodied 
mechanical  seal  with  those  of  aquatic  animals 
(refs.  19,  20,  21,  and  26).  At  a  given  speed, 
frequency  range  may  be  ±0.5  Hz. 
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2.0  SIMPLIFIED  TWO-DIMENSIONAL 
MOMENTUM  MODEL 

A  simplified  two-dimensional  momentum  model  of  the 
maneuvering  forces  produced  by  the  differential  flapping 
device  is  developed  here.  This  model  assumes  that  the 
kinematics  of  the  trailing  edge  of  the  flap  holds  the  key  to 
modeling  the  effects  of  the  device.  The  basic  importance  of 
the  trailing  edge  bears  some  similarity  to  the  modeling  of  the 
propulsive  forces  produced  by  the  caudal  fins  of  fish  (see  refs. 
10-13).  In  this  simple  model,  induced  drag  and  flap  tip 
vortices  are  npt  considered. 


Ui,  U2  =  Velocities  of  water  due  to  flapping  acting  at 
angles  and  (1)2/2,  respectively,  to  the  axial  direction, 

F/,  V2  =  Speeds  imparted  by  flapping  normal  to  the 
direction  of  vehicle  motion, 

x,y  =  Axial  and  normal  directions,  respectively,  and 

(1)1,  ^2  =  Maximum  flapping  angles. 

Therefore,  thrust  in  the  axial  direction  is 


2.1  Maneuvering  and  Axial  Thrusts  Generated 
Consider  the  two-dimensional  maneuvering  device  shown 
schematically  in  Fig.  5.  Two  flaps,  numbered  1  and  2,  are 
shown,  although  the  basic  approach  is  applicable  if  three  flaps 
are  mounted  on  a  rotatable  ring  for  finer  control  of 
maneuvering.  Figure  5  pertains  to  thrust-producing  maneuver¬ 
ing  devices,  rather  than  drag-producing  maneuvering  devices 
(Fig.  25  versus  Fig.  26  —  the  two  modes  will  be  discussed 
later).  In  the  thrust  mode,  two  jets  are  assumed  to  be 
produced,  each  consisting  of  starting  vortices  as  sketched. 
These  jets  are  assumed  to  be  similar  to  those  observed  behind 
a  flexible  tuna  by  Triantafyllou  (see  ref  13). 


Tj^  X  mi 


f/lCos(<l)i  /2)-i7 

h 


and 


^  „...  t/2COs((l)2/2)-[/ 

hx  ^2 - - - • 

h 


(1) 

(2) 


If  fj  t2  and  if  the  phase  is  different  when  ti  =  /2 ,  a 
complex,  perhaps  even  chaotic,  pitching  motion  could  result. 
Therefore,  to  simplify,  assume  that  T  =  ti  =t2  and  that  both 
flaps  oscillate  at  the  same  or  opposite  phase.  Thrust  vectors 
(Fig.  6)  are  then  as  follows: 


As  mentioned  earlier,  the  differential  flaps  are  both 
maneuvering  as  well  as  propulsive  devices.  The  drag  of  the 
rigid  body  in  Fig.  1  can  be  accounted  for  by  proposing  that 
the  thrust-producing  jets  are  produced  after  the  drag  is 
overcome.  Consider  flap  #1. 


Net  Axial  Thrust 

2’a  =  Fq  7j;t  +  T2x  (in  the  x  -  direction)  , 

(3) 


VORTICITY 


~  2()  -t  , 

where  T„  is  vehicle  axial  thrust  due  to  any  additional 
independent  means  of  propulsion,  and  Mx  is  the 
contribution  from  the  oscillating  flaps. 


Net  Maneuvering  Thrust 


Fig.  5.  Schematic  of  thrusts  due  to  a  pair  of  differentiaiiy 
operated  osciilating  flaps. 


2’m  -  Tjy  -  Tiy  . 


(4) 


Propose  that  the  thrust  generated  is  proportional  to  the  product 
of  the  mass  of  water  affected  and  the  increase  in  velocity 
given  to  that  mass.  The  following  definitions  apply: 

fni,  m2  =  Mass  of  water  affected  per  unit  span  (normal  to 
page  in  Fig.  5)  by  flaps  1  and  2,  respectively, 

Ti,  T2  =  Thrusts  due  to  flaps  1  and  2,  respectively. 


CENTERLINE 
...  OF  JET #1 

. —  VEHICLE 

CENTERLINE 


CENTERLINE 
OF  JET  #2 


0.  i2  -  Time  periods  of  oscillation  of  flaps  1  and  2, 
respectively, 

U  =  Forward  speed  of  the  vehicle  generated  by  its 
propulsor. 


Fig.  6.  Maneuvering  and  axial  thrust  vectors. 

The  vertical  velocity  vectors  (in  the  y-direction)  would  be  Tjy 
and  'l'2y  (see  Fig.  6). 
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Total  axial  thrust  due  to  flapping  is 


_  t/,cos(^i/2)-t/ 

-  mi - 

T 


+  m2 


t72COs((j)2  /2)-I/ 
T 


(5) 


ATj  =— [{wif/j  cos((jii  /2)+/«2t/2Cos((t)2  /2)}-[/{/ni  +m2}]. 

T 

(component  deter-  (component  influenced 

mined  by  flaps  alone)  by  steady  forward  speed 

generated  by  main 
propulsor) 

2.1.1  Axial  thrust  versus  braking 

Equation  (5)  shows  that  if  Ui,U2<  U,  the  flaps  can  be  used  as 
brakes.  If  both  flaps  are  oscillated  identically,  then, 

Ui  =  U2,  T„  =  0. 

In  this  manner,  the  dual  flaps  can  be  used  as  brakes.  If  the 
vehicle  is  perfectly  neutrally  buoyant,  and  if  the  flaps  are  also 
slowed  down  in  the  manner  of  U,  then  the  vehicle  would 
come  to  a  dead  stop  gradually. 

However,  if  Ui  ^U2>  U,  or  Uj  ^U2<  U,  then  maneuvering 
thrusts  will  be  produced. 

In  equation  (5),  if  C/=  0,  To  =  0,  then, 

ATjc  =  -[{wil/i  cos((t)i  /  2)+m2U2  cos(((i2  / 2)}] . 

T 


If  ((j)i,(j)2)t,  ATj-t.  Note  that  *  0  when  the  flaps  are 

operational. 

2.1.2  Maneuvering  thrust 
From  equation  (4), 

_  mif/i  sin((|)i  /2)  /«2^2Sin(<|i2 /2) 


If  rj  =  <2  =  T  , 


T'm  =  sin((|)i  /  2)-  m2f/2  sM'1'2  !  2)]  • 

T 

As  (()it,  or(|)2t,  each  part  of  increases.  The  value  of 
\T„i\  will  be  maximum  if  all  flap  variables  are  held  the  same 
when  either  flap  is  turned  off. 

It  is  implied  that  the  rate  of  momentum  shed  by  the  flap 
trailing  edge  vortices  is  equal  to  the  thrust  produced. 
Therefore,  the  kinematics  of  the  trailing  edge  gives  the  thrust 
and  power  generated.  The  key  factors  are  the  mass  of  water 
affected  by  flapping  and  movements  of  the  trailing  edge 
leading  to  acceleration  of  the  water.  These  issues  are 
considered  next. 


2.2  Mass  of  Water  Affected 

The  mass  of  water  affected  by  the  flap’s  oscillation  can  be 
modeled  in  several  ways.  A  simple  body-geometry-based 
assumption  would  be  that  the  diameter  of  the  vortices 
produced  is  related  to  the  distance  of  cross-stream  travel  of  the 
oscillating  flap.  The  following  approach  is  based  on  the 
property  of  the  vortices  produced. 

Consider  the  vortex  doublet  control  volume  shown  in  Fig. 
7(a).  These  two  contrarotating  vortices  are  produced  by  one 
flap,  say  #1,  in  one  time  period  of  oscillation  z.  The  following 
assumptions  are  made: 

1.  The  flaps  are  two-dimensional, 

2.  Both  vortices  are  of  the  same  strength  (|r|)  but  of 
opposite  signs, 

3.  There  is  no  viscous  dissipation,  and 

4.  Vortex  distance  from  flap  center  is  ci,  i.e.,  the  first 
vortex  has  not  propagated  downstream  significantly  more 
compared  to  c\  during  one  cycle  of  flap  oscillation. 

Assume  that  the  radial  (r)  distribution  of  azimuthal  velocity  ve 
within  each  shed  vortex  is  as  shown  in  Fig.  7(b).  The 
distribution  is  linear  in  the  core,  followed  by  an  exponentially 
dropping  velocity  (see  ref  14,  fig.  5.5,  p.  89): 


vq  =  kir ,  0<r^i, 

(6) 

VQ=k2exp{-r^),  r>e. 

(7) 

7(a) 


H  h 


dr 

Fig.  7.  Vortex  doublet  (a)  and  cross-sectional  distribution 
of  azimuthal  velocity  in  the  shed  vortices  (b). 

Here,  ki  is  a  constant  denoting  the  vortex  property,  viz.,  its 
vorticity  (whose  dimension  is  1/7),  and  ^2  is  another  constant 
that  is  largely  dependent  on  vortex  diffusion  rate.  Structural 
modeling  of  turbulent  boundary  layers  (Bandyopadhyay  and 
Balasubramanian,  ref  15)  shows  that,  as  a  first  approximation. 
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the  distribution  in  equation  (7)  may  be  negleeted,  i.e.,  the 
decaying  region  due  to  viscous  effects  is  ignored  soon  after 
the  formation  of  the  vortices.  As  proved  successful  in  that 
model,  it  was  also  assumed  that  t  =  the  local  mixing  length 
«0.07  of  the  local  width  of  the  trailing  jet. 

Considering  the  two  vortices  in  the  control  volume  in  Fig. 
7(a),  the  mass  of  water  affected  by  flap  #1  per  unit  span  is 


mj  =  pkn. 


4 


(8a) 


where  is  a  constant  dependent  on  the  flap’s  sectional  shape 
and  is  a  property  of  the  vortex,  and  p  is  the  fluid  density. 
Similarly, 


,  (8b) 

Therefore,  the  maneuvering  thrust  is  given  by: 

Tm  =  sin(.t.i  sin(^2  /2)] ,  (9) 

where  U\  and  U2  may  be  obtained  by  Biot-Savarfs  law,  if  F 
is  known  from  measurements.  The  vortices  in  Fig.  7(a)  would 
move  in  a  direction  normal  to  the  line  joining  them  (see 
Batchelor,  ref.  16,  p.  441). 

2.3  Velocity  of  Propagation  of  Shed  Vortices 

Let 


ci,c2  =  Chord  lengths  of  flaps  1  and  2, 

ri,-ri  =  Strengths  of  vortices  shown  in  Fig.  7(a),  and 

<T=  Half-gap  between  the  two  vortex  foci  (Fig.  7(a)). 

Referring  to  Batchelor  (ref  16,  sec.  2.6.4)  and  Schlichting 
(ref  14,  p.  89)  for  a  doublet. 


2.5  Speed  of  Flap  Oscillation 

There  are  two  forms  of  flapping  speed,  i.e.,  pendulum-like 
sinusoidal  rotational  speed  and  constant  rotational,  square 
wave  speed.  The  sinusoidal  pattern  would  be  obtained  if  a 
pendulum-like  variable  torque  is  used  to  oscillate  the  flap.  The 
square  wave  pattern  would  be  generated  by  a  drive  that 
produces  a  constant  rotational  speed.  In  the  model  design,  a 
pattern  that  is  close  to  a  square  wave  is  expected.  In  this  case, 
if  W  is  the  tip  speed,  c  is  flap’s  chord  length,  and  Q  is  the 
rotational  speed  (rad/s),  then 

JV  =  cn.  (12) 

A  flexible  flap  would  have  a  variable  chord  length  and  the 
time  signature  of  the  tip  speed  would  be  distorted  compared  to 
those  for  rigid  flaps. 

In  the  present  model  design,  a  brushless  magnet  actuator, 
known  commercially  as  Ultimags,  was  chosen  to  oscillate  the 
flaps.  The  input  current  to  the  Ultimags  was  observed  to 
follow  a  square  wave  pattern.  This  finding  confirmed  that,  in 
the  model,  the  flaps  indeed  operate  at  a  constant  rotational 
speed. 

A  relationship  is  required  for  the  transfer  of  momentum 
between  the  solid  and  the  liquid,  i.e.,  between  the  rotational 
variables  Q  and  F.  This  relationship  is  modeled  in  section 
4.3.2  where  comparisons  with  measurements  are  presented. 

2.6  Effects  of  Flap  Travel,  Body  Thickness, 

Viscosity,  and  Virtual  Mass 

There  may  be  a  relationship,  yet  unknown,  between  maximum 
flap  travel  and  body  thickness  (Fig.  1).  Experiments  are 
needed  to  determine  if  results  become  independent  of  body 
thickness  when  the  maximum  flap  travel  exceeds  the  body 
thickness  (Webb,  ref  12,  p.  208). 

Virtual  mass  would  be  affected  by  viscosity  via  boundary 
layer  displacement  thickness  8*  on  the  flaps.  An  estimate 
suggests  that  virtual  mass  is  reduced  to 


Ul=2^  =  2 - - 

27tcT  27icisin((()i /2) 


(10) 


2.4  Strength  of  Shed  Vortices 

Circulation  from  Joukowski's  hypothesis  is  (see  Batchelor,  ref 
16,  p.  441) 


7w-2p5*c, 

where  p  is  the  density  of  water  and  c  is  the  flap  chord  length. 
Equation  (13)  is  analogous  to  that  for  a  fish  where  virtual 
mass  correction  is  of  the  order  of  only  1  percent.  The  viscosity 
correction  to  the  mass  of  water  affected  can  therefore  be 
neglected. 


ri=Ayff^, 


(11) 


where  A  is  a  constant  of  proportionality  that  depends  on  the 
shape  and  orientation  of  the  flap.  For  example,  it  will  be 
different  for  a  rigid  or  a  flexible  flap.  (Note  that  a  flexible  flap 
would  have  a  variable  ehord  length.)  The  value  of  A  would  be 
different  if  trailing  edge  serrations  are  present.  If  a  divider 
plate  is  present  between  the  two  flaps,  it  would  alter  the 
effective  shape  and  orientation  of  the  flap  by  introducing 
another  length  scale  into  the  problem,  whose  effect  would  be 
to  alter  the  value  of  the  constant  A.  In  equation  (11),  V  is  a 
representative  speed  of  the  flap. 


The  added  mass  effects  due  to  the  potential  flow  also  need  to 
be  considered.  The  pressure  drag,  or  the  frontal  area,  is  an 
indication  of  this  effect.  Therefore,  it  is  expected  that,  as  long 
as  the  flap  travel  is  small  or  the  flaps  oscillate  within  the  base 
of  the  tailcone,  the  added  mass  effect  due  to  the  potential  flow 
would  be  low.  However,  if  the  flap  tips  protrude  beyond  the 
vehicle,  the  added  mass  effect  would  increase. 

2.7  Power  of  Flap 

Let 

mi  =  Mass  of  water  affected  by  flap  #1  per  unit  span  (in 
direction  normal  to  page  in  Fig.  5), 
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U\  =  Velocity  imparted  to  mass  of  water  m\  by  flap  #1, 
and 

?7=  Vehicle  speed. 

Then,  the  momentum  given  to  water  by  the  flap  =  miU\,  and 
the  rate  of  momentum  shedding  into  the  wake  (thrust)  = 
miUiU. 

The  flap  is  working  against  the  fluid  at  the  rate  of  tip  speed  W. 
Power  is  always  positive — ^when  accelerating  and  braking  the 
vehicle.  The  flap  power  is,  therefore, 

P  =  miUiUW.  (14) 

(Units  for  equation  (14)  are:  (ML3/LT3)  =  ML2/T3)  =  watts.  In 
SI  units:  Power  =  watts  =  J/s)  =  (N/m)/s  =  (kgm/s2)  (m/s)  = 
kg(m2/s3)  =  M(L2/T3).) 

However,  all  this  power  is  not  available  for  maneuvering  and 
thrust.  Some  of  it  is  used  to  overcome  drag.  The  lost  kinetic 
energy  in  the  shed  vortices  is 

Pk=\/2miUfu.  (15) 

Therefore,  the  available  power  for  maneuvering  and  thrust  is 

Pn,  =  P-Pk-  (16) 

3.0  DESCRIPTION 

3.1  The  Dual-Flapping  Foil  Maneuvering  Device 

A  schematic  diagram  of  the  water  tunnel  model  is  shown  in 
Fig.  1.  Figure  2  is  a  photograph  of  the  partially  assembled 
model.  The  cylinder  diameter  is  7.62  cm  and  the  length  is 
about  1  m.  The  two  flaps  are  7.62  cm  x  7.62  cm  in  size.  A 
fixed  divider  plate  of  the  same  size  is  located  between  the  two 
flaps.  The  divider  plate  serves  to  reduce  the  rigid  body  drag 
and  it  also  “trains”  the  vortex  array  allowing  accurate  phase- 
averaged  wake  vortex  measurement.  The  flaps  are  activated 
by  two  magnetic  actuators  and  phase  is  determined  by  two 
differential  transducers  that  measure  displacement.  The 
actuators  and  phase  sensors  are  housed  internally.  The  entire 
model  ‘floats,’  mounted  on  a  six-component  balance  located 
under  the  strut.  The  strut  is  fixed  and  hangs  from  the  tunnel’s 
top  wall.  The  vortices  shed  by  the  flapping  foils  are  created  by 
salient  edge  separation  and,  thus,  their  effects  are  independent 
of  any  boundary  layer  tripping.  The  data  presented  here  are 
mostly  for  natural  transition  on  the  main  cylinder  because 
tripped  cases  show  little  effect.  The  two  flaps  can  be  operated 
in  one  of  two  modes,  i.e.,  in  a  clapping  or  waving  mode — so 
named  because  of  the  kind  of  animation  they  simulate  (see 
Fig.  8).  In  the  clapping  mode,  the  two  flaps  approach  or 
recede  from  each  other  simultaneously,  while  in  the  waving 
mode,  the  flaps  always  follow  the  direction  of  motion  of  each 
other.  In  other  words,  in  clapping,  the  phase  of  the  two  flaps  is 
opposite  to  each  other,  while  phase  is  the  same  in  the  waving 
mode. 

3.2  Experiment  Details 

All  measurements  were  performed  for  both  flapping  modes, 
i.e.,  waving  and  clapping.  The  balance  measurements  were 


conducted  with  a  single  flap  as  well  as  the  dual  flap.  The 
actions  of  the  maneuvering  device  and  the  phase  sensors  in  air 
and  in  a  water  tunnel  were  video  taped  (Bandyopadhyay  et  al., 
ref  17).  The  robustness  of  the  device  was  demonstrated  by  the 
fact  that  it  worked  in  the  water  tunnel  nonstop  for  about  five 
days  during  which  time  the  phase-matched  turbulence 
measurements  were  carried  out.  These  measurements  were 
conducted  in  the  water  tunnel  at  Virginia  Polytechnic  Institute 
(Zeiger  et  al,.  ref  18).  The  cross-section  of  the  test  section  is 
large  for  our  purpose:  0.56  m  wide  and  0.61  m  deep.  The 
balance  data  were  collected  for  flow  speeds  between  10  and 
80  cm/s  and  flap  frequencies  of  2.65,  4.237,  and  6.2  Hz.  As 
shown  in  Fig.  4,  these  parameters  are  in  the  same  range  as 
those  in  several  relevant  aquatic  animals.  The  flow  visualiza¬ 
tion  was  carried  out  at  5  cm/s  and  the  laser  Doppler  velocity 
data  were  collected  at  20  cm/s  with  a  flap  frequency  of  2.65 
Hz.  The  flap  tip  travel  was  commonly  38  mm  which  made  an 
angle  of  30  degrees  about  the  axis.  Data  acquisition  was 
carried  out  in  the  following  manner.  First,  the  balance  data 
were  collected.  One  desk-top  computer  was  used  to  operate 
the  balance  and  another  was  used  to  read  out,  process,  and 
store  the  data.  Next,  a  two-component  laser  Doppler 
anemometer  was  used  to  make  phase-matched  turbulence 
measurements  in  the  wake.  The  measurements  were  conducted 
first  in  three  axial  planes  downstream  of  the  flaps.  Then  they 
were  conducted  in  three  cross-stream  planes.  The  data  were 
processed  to  produce  phase-averaged  vorticity-velocity  vector 
contours  in  the  axial  and  cross-stream  planes.  Finally, 
distributions  of  circulation  were  calculated  by  two  integral 
methods,  i.e.,  velocity  time  integrals  and  vorticity  areas.  The 
efficiency  measurements  were  carried  out  in  the  NUWC  water 
tunnel  which  is  30  cm  x  30  cm  in  cross-section. 

4.0  RESULTS  AND  DISCUSSION 
4.1  Flow  Visualization 

Dye  flow  visualization  was  carried  out  to  examine  the  vortex 
shedding  process  at  a  flow  speed  of  5  cm/s.  The  vortex  rollup 
at  the  flap  tip  is  shown  in  Fig.  8  for  the  clapping  and  waving 
modes.  The  complete  wake  can  be  seen  in  the  video 
(Bandyopadhyay  et  al.,  ref  17).  For  a  flap  angle  of  30°,  the 
outer  tip  vortices  were  spread  at  an  angle  of  70°  to  the  axis, 
the  resulting  wake  spread  angle  being  140°.  This  is  a  very 
wide  wake  that  produces  thrust  and  maneuvering  forces.  As 
shown  later,  this  wake  dissipates  very  quickly. 


Fig.  8(a).  Flow  visualization  tests  of  clapping  mode:  flaps 
closing  (top,  graphic  depiction;  bottom,  photograph). 


Flow 
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4.2  Deflnition  of  Coefficients 

The  coefficient  of  axial  force,  c^,  is  defined  as 


F 


(17) 


where  F  is  axial  force,  being  positive  for  thrust,  p  is  density  of 
water  and  U„  is  freestream  velocity.  When  F  is  positive, 
Ca~ct,  the  coefficient  of  thrust,  and  when  F  is  negative, 
Cq  =  c^,  the  coefficient  of  drag. 

The  coefficient  of  yawing  moment  is  defined  as 


Fig.  8(b)  Flow  visualization  tests  of  clapping  mode:  flaps 
opening  (top,  graphic  depiction;  bottom,  photograph). 


T 


(18) 


where  T  is  yawing  moment,  D  is  the  length  scale  of  the  model 
and  flaps.  Time,  t,  is  nondimensionalized  as  r*  =  tU^  ID.  The 
Reynolds  number  is  defined  as 


(19) 


Fig.  8(c).  Flow  visualization  tests  of  waving  mode:  Flaps  toward 
port  (top,  graphic  depiction;  bottom,  photograph). 


where  v  is  kinematic  viscosity  of  water.  In  calculating 
vorticity,  velocity  and  circulation,  nondimensionalization  is 
performed  using  for  velocity  scale,  D  for  length  scale,  and 
D/U^  for  time  scale. 

The  Strouhal  number,  St,  is  defined  as 

St  =  ^,  (20) 

^co 

where /is  flapping  frequency  and  A  is  maximum  cross-stream 
travel  of  a  flap  tip. 

Efficiency  of  the  flapping  foils  was  defined  as 


Fig.  8(d).  Flow  visualization  tests  of  waving  mode:  Flaps  toward 
starboard  (top,  graphic  depiction;  bottom,  photograph). 


OutputPower  TUao  ,  , 

T)  = - C - = -  ”  ,  (21) 

InputPower  r\aj2VIdt 

where  T  is  integrated  thrust,  is  actuator  efficiency,  V  and  / 
are  actuator  volts  and  currents,  respectively.  The  factor  2 
accounts  for  two  actuators. 

4.3  Forces  and  Moments 

4.3.1  Time  signatures 

The  ensemble-averaged  coefficient  of  axial  force  (c^)  due  to  a 
single  flapping  foil  is  shown  in  Fig.  9(a-c).  A  net  thrust  is 
produced  only  at  4.24  Hz.  For  the  dual-flapping  foil  case,  the 
ensemble-averaged  time  histories  of  axial  force  and  yawing 
moment  are  shown  in  Figs.  10  and  1 1,  respectively.  A  thrust  is 
produced  at  all  three  frequencies.  In  Fig.  10,  positive  values  of 
force  indicate  thrust  and  negative  values  indicate  drag. 
Clearly,  the  device  has  produced  more  thrust  than  drag.  The 
net  values  of  the  moment  can  be  made  non-zero  and  acting 
toward  port  or  starboard  by  operating  the  flaps  differentially. 
The  data  in  Fig.  11  can  be  used  to  design  control  laws  for 
maneuvering.  Observe  the  90°  phase  difference  between  axial 
force  and  yawing  movement. 
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9(a)  2.6  Hz  9(b)  4.24  Hz 


9(c)  6.2  Hz  10(a)  2.6  Hz 


Fig.  9.  Ensemble-averaged  coefficient  of  axial  force  (c^)  due  to 
a  single  flapping  foil;  positive  values  indicate  thrust  (c^)  and 
negative  values  indicate  drag  {c^):  U„=  20  cm/s:  (a)  2.6  Hz, 
(b)  4.24  Hz,  and  (c)  6.2  Hz.  LVDT  signature  indicates 
flap  phase  =  highest  values:  flap  fully  open; 
lowest  values,  flap  folly  closed. 


Fig.  10.  Ensemble-averaged  axial  force  and  flap  opening  due  to 
dual-flapping  foiis.  High  LVDT  values  =  flap  folly  open;  low 
LVDT  values  =  flap  folly  closed.  The  flaps  are  actually  in 
opposite  phase. 
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10(b)  4.24  Hz 


10(c)  6.2  Hz 


Fig.  10.  (Cont'd)  Ensemble-averaged  axial  force  and  flap 
opening  due  to  dual-flapping  foils.  High  LVDT  values  =  flap  fully 
open;  low  LVDT  values  =  flap  fully  closed.  The  flaps  are 
actually  in  opposite  phase. 


(a) 


Fig.  1 1 .  Ensemble-averaged  (a)  axial  force,  (b)  yawing 
moment,  and  (c)  flap  phase  in  waving  mode;  Ux  =  20  cms/s; 
f=  6.2  Hz.  The  flaps  are  actually  in  phase. 


4.3.2  Thrust  coefficient 

The  distributions  of  coefficient  of  axial  force  with  Strouhal 
number  are  shown  in  Fig.  12.  The  dual  flapping  foil  data  are 
compared  with  the  two-dimensional  theories  of  Lighthill  (ref. 
10)  and  Chopra  (ref.  22)  and  the  two-dimensional  measure¬ 
ments  of  Triantafyllou  et  al.  (refs.  23,  24)  and  Isshiki  and 
Murakami  (ref  25).  There  is  good  agreement  in  the  trend.  Our 
measurements  are  also  compared  with  the  two-dimensional 
momentum  model  of  Bandyopadhyay  (ref  6)  described  in 
section  2.  In  this  model,  the  mass  of  water  affected  per  unit 
span  of  flap  was  taken  to  be 

2v9-f?v,  (22) 

where  vq  =  c  •  Q.  Here  vq  is  azimuthal  speed  of  the  flap  time, 
J{y  is  vortex  radius  at  the  flap  tip,  c  is  flap  chord  =  B;  £2  is 
rotational  speed  of  flap  =  2n/,  and  the  factor  2  accounts  for 
two  vortices  formed  in  each  cycle  of  flapping. 
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Fig.  12.  Comparison  of  measurements  of  axial  force  (thrust)  coefficient. 


From  flow  visualization  experiments,  R-^,  was  taken  to  be 
0.173  cm  at  all  values  of  Uao  and  /  From  the  phase-matched 
LDV  measurements  shown  in  Fig.  13,  the  axial  jet  speed 
relative  to  Uoo  was  taken  to  be  60  em/s  at  all  values  of  Um  and 
/  Thrust  coefficients  calculated  using  these  values  of  mass  of 
water  affected  and  jet  speed  are  also  shown  in  Fig.  12.  The 
momentum  model  may  be  the  asymptotic  limit  of  thrust  that 
can  be  produced  by  the  flapping  foil  technique.  In  the  St  range 
common  among  fish  (Triantafyllou,  ref.  23),  some  of  the  dual 
flapping  foil  data  exhibit  sensitivity  to  St. 

In  the  case  of  the  rigid  body,  the  shed  vortices  do  not 
propagate  tangential  to  the  trailing  edge  when  the  flap  is  at  the 


I* 

Fig.  13.  Phased-average  measurements  of  axial  jet  speed  due 
to  dual-flapping  foil.  Axial  velocities  shown  are  relative  to  l/oo  of 
20  cm/s.  Measurements  in  two  different  planes  are  compared. 


outer  extremity.  At  5-20  cm/s,  while  the  flap  trailing  edge  is  at 
30°  to  the  axis,  the  outboard  vortex  moves  away  from  the  axis 
at  70°.  There  is  also  a  rapid  decay  in  the  vortex  circulation 
(discussed  later.  Figs.  23  and  24).  Thus,  the  vortex  self- 
induced  dynamics  is  strong  and  the  wake  is  affected  by 
viscous  non-linera  mechanisms.  Although,  the  two- 
dimensional  non-linear  theories  generally  agree  with  the  mean 
data  trend  in  Fig.  12,  the  detailed  sensitivity  in  the  range  0.2  < 
St  <  0.4  is  not  captured.  We  suggest  that,  in  order  to  determine 
sensitivity  to  St  and  f,  viscous  non-linear  stability  dynamics 
need  to  be  included  in  the  theories. 

The  efficiency  of  the  flapping  foil  (equation  (21))  is  shown  in 
Fig.  14.  The  efficiency  of  the  magnetic  actuator,  tiq  ,  was 
assumed  to  be  18%  as  supplied  by  the  manufacturer.  The 
actual  f\a  is  lower  and,  thus,  the  actual  values  of  q  of  the  dual 
flaps  shown  are  higher.  There  is  a  general  agreement  with 
Triantafyllou’s  (ref.  23)  experiment  on  a  two-dimensional 
heaving  and  feathering  foil.  It  is  interesting  to  note  that  the 
dual  flaps  show  a  tendency  to  achieve  a  higher  efficiency  in 
the  waving  mode.  This  is  intriguing.  We  propose  that  in  the 
waving  mode,  the  model  nose  yaws  and  sheds  vortices.  This 
either  lowers  the  drag  on  the  rigid  body  or  it  enhances  the 
thrust  (by  augmenting  jet  speed)  due  to  the  vortices  produced 
by  flapping. 

Because  the  efficiency  plots  shown  in  Fig.  14  include  the 
cylinder  drag,  an  attempt  was  made  to  estimate  the  efficiency 
of  the  flapping  foils  alone.  The  viscous  and  form  (small)  drag 
coefficient  of  the  cylinder  was  estimated  to  be  0.145.  When 
this  is  taken  into  account,  the  efficiency  of  the  flapping  foils 
alone  are  higher  as  shown  in  Fig.  15.  At  lower  St,  there  is  a 
tendency  for  the  efficiency  to  depend  on  f.  This  has  not  yet 
been  explained. 
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Fig.  14.  Measurements  of  the  axial  force  efficiency 
of  the  dual-flapping  foils. 

Measurements  of  all  axial  force  coefficients  due  to  single-  and 
dual-flapping  tails  are  shown  in  Fig.  16.  Both  thrust  and  drag 
production  cases  are  included.  Except  at  4.25  Hz,  one  single 
foil  is  unable  to  produce  thrust.  This  is  due  to  the  drag  of  the 
rigid  cylinder.  Tripping  of  the  cylinder  boundary  layer  has  no 
effect  on  the  thrust  produced  because  that  mechanism  is 
inviscid  —  tripping  only  affects  the  drag  of  the  rigid  cylinder. 
The  data  indicate  that  the  thrust  produced  is  governed  by  St, 
drag  of  the  rigid  cylinder,  and  the  total  mass  of  water  affected. 
The  mass  of  the  water  affected  is  doubled  when  two  flaps  are 
used  and  the  thrust  produced  overcomes  the  drag  of  the  rigid 


Fig.  15.  Estimated  efficiency  of  dual-flapping  foils.  Estimated 
values  of  bare  body  drag  (viscous  +  form)  removed  from 
measurements  of  total  efficiency  (rigid  body  +  flapping  foils) 
shown  in  Fig.  14. 

cylinder.  According  to  Triantafyllou  (Pvt.  Comm.  1997),  the 
“robotuna”  vortex  cores  make  an  angle  of  10-15°  to  the 
forward  direction.  However,  the  wake  angle  is  140°  in  the 
present  case.  (The  divider  plate  probably  lowers  the  cylinder 
drag  slightly.)  This  suggests  that  the  drag  of  the  flexible 
robotuna’s  main  body  could  well  be  lower,  but  this  remains  a 
speculation.  The  two-dimensional  flapping  foil  experiments 
do  not  have  a  main  body  and,  thus,  have  the  pure  thrust 
produced.  We  believe  that,  in  the  future,  by  comparing  our 
results  with  those  of  the  robotuna  of  Triantafyllou,  insight  can 
be  gained  on  the  effect  of  a  flexible  body. 
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Fig.  16.  Summary  of  all  single-  and  dual-flap  axial  force  coefficients.  Both  thrust-  and  drag-producing 
cases  are  shown.  Note  that  body  drag  is  included  in  axial  force. 
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4.4  Vortex  Shedding:  Vorticity-Velocity  Vector  Maps 

4. 4. 1  Vorticity-velocity  vector  maps 

The  phase-matched  vorticity-velocity  vector  measurements 
were  carried  out  at  a  flow  speed  of  20  cm/s.  Their  maps  in  the 
axial  (diametral)  midplane  (z  =  0)  are  shown  in  Figs.  17,  18 
and  19  for  waving  and  clapping  modes  (phase  is  given  by  t*  = 
tUaJD).  Similarly,  the  phase-matched  vorticity-velocity  vector 
maps  in  the  cross-stream  plane  at  the  trailing  edge  of  the  flap 
(x/D  =  0.066)  are  shown  in  Figs.  20  and  21  for  the  waving  and 
clapping  modes,  respectively.  Such  maps  were  used  to 
compute  circulation  values  of  the  vortices  by  two  methods:  by 
calculating  velocity  line  integrals  and  vorticity  area  integrals. 
The  circulation  distributions  are  shown  in  Figs.  22  and  23  for 
x/D  =  0.0656  and  0.5577,  respectively.  The  two  methods  of 
circulatioir  calculation  are  in  reasonable  agreement.  We  note 
that  within  a  short  length  after  formation  {x/D  =  0.5),  the 
minimum  circulation  has  dropped  by  a  factor  of  3. 

Measurement  resolution  is  higher  in  Fig.  17.  This  figure 
captures  the  radially  far-flung  vortices.  The  maps  in  Figs.  17, 
18,  and  19  show  the  jets  between  vortex  pairs  which  gives  rise 
to  thrust.  The  vortex  arrays  and  the  mechanism  of  thrust  and 
yawing  moment  are  depicted  schematically  in  Figs.  27  and  28. 

Figures  18  and  19  indicate  that,  in  the  clapping  mode,  the  two 
flaps  produce  arrays  of  vortices  that  are  mirror  images.  Thus, 
they  would  produce  thrust  but  no  maneuvering  cross-stream 


forces  (Fig.  27).  On  the  other  hand,  in  the  waving  mode,  the 
two  arrays  of  vortices  from  the  two  flaps  are  staggered  in  the 
streamwise  direction.  Due  to  this  fact,  the  waving  mode 
produces  both  axial  and  cross-stream  forces  (Fig.  28).  The 
vortex  shedding  process  is  clarified  in  Figs.  25  -  28.  Figure  25 
shows  a  drag-producing  wake  behind  a  hydrofoil  where  the 
induced  flow  between  a  pair  of  shed  vortices  is  pointed 
upstream.  When  the  foil  is  oscillated,  the  wave  train  shown  in 
Fig.  26  is  produced  when  the  induced  velocity  points  in  the 
downstream  direction,  which  gives  rise  to  thrust.  The  clapping 
mode  produces  the  mirror-image  vortex  train  shown  in  Fig.  27 
and  the  waving  mode  produces  the  staggered  vortex  train 
shown  in  Fig.  28. 

The  cross-stream  maps  in  Figs.  20  and  21  were  examined  to 
look  for  clues  for  higher  efficiency  in  the  waving  mode.  The 
wake  is  three-dimensional  due  to  the  finite  nature  of  the  flaps. 
The  figures  show  that  the  shed  axial  vortex  lying  within  the 
divider  propagates  inward  towards  the  axis  of  the  model  while 
the  outer  shed  axial  vortex  shows  no  such  tendency.  This  is 
shown  schematically  in  Fig.  24.  After  it  is  fully  formed,  the 
inner  axial  vortex  is  elliptic  and  takes  an  inclined  position  in 
the  y-z  plane.  In  the  clapping  mode,  during  the  outward 
motion  of  the  flaps,  four  axial  vortices  would  tend  to  converge 
near  the  model  axis  increasing  vortex-vortex  and  vortex-wall 
interactions.  We  suspect  that  induced  drag  will  be  affected 
more  in  the  clapping  mode  than  that  in  the  waving  mode. 


t*  =  0.131 


Fig.  17.  Vorticity-velocity  vector  plots  in  the  axial  plane  for  clapping.  The  velocity  perturbations  are  with  respect  to  freestream 
velocity.  Filled  squares  on  the  y-axis  indicate  the  location  of  flap  trailing  edge  in  this  and  succeeding  figures.  Note  that,  when  the 
flap  is  at  outboard  extremity,  the  outer-most  vortex  trajectory  is  at  70“  to  the  x-axis  which  is  much  larger  than  the  flap  trailing  edge 
angle  of  30“. 
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Fig.  20.  Vorticity-velocity  vector  maps  in  the  cross-stream  plane  in  the  waving  mode;  x/D 
Filled  square  markers  at  z/D  =  0.5  within  each  frame  indicates  flap  location. 
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Fig.  21 .  Vorticity-velocity  vector  maps  in  the  cross-stream  plane  in  the  clapping  mode;  x/D  =  0.066. 
Filled  square  markers  at  z/D  =  0.5  within  each  frame  indicates  flap  location. 


Fig.  23.  Circulation  distribution  at  a  downstream  station  (x/D  =  0.5577)  compared  to  that  in  Fig.  22,  (a)  waving  and  (b)  clapping 


(a) 


Fig.  24  Schematic  diagram  showing  the  inward  trajectory  of  the  inner  shed  axial  vortex 
(a)  as  opposed  to  the  outer  shed  axial  vortex  (b)  in  both  modes  of  flap  oscillation. 


Fig.  25.  Schematic  of  production  of  drag  (momentum  deficit) 
and  yaw  force  due  to  a  Kerman  vortex  train. 


Fig.  26.  Schematic  of  production  of  thrust  (momentum  excess) 
and  yaw  force  due  to  a  negative  K^rm^n  vortex  train. 
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Fig.  27.  Schematic  of  vortex  train  in  clapping  mode  showing  the 
origin  of  axial  and  cross-stream  force  vectors. 


5.0  CONCLUSIONS 

A  laboratory  investigation  has  been  conducted  to  examine  the 
performance  of  a  dual  flapping  foil  device  used  as  a 
maneuvering  and  propulsive  tool  for  a  rigid  body.  A  model 
was  built  (1  m  long,  7.6  cm  diameter)  with  flapping  foils  at 
the  end  of  the  tail  cone  and  various  measurements  were 
performed  in  a  water  tunnel.  The  flow  speed  range  in  water 
was  between  5  and  80  cm/s  and  the  flapping  frequency  varied 
from  2.6  to  6.2  Hz.  These  parameters,  as  well  as  the  body 
length,  are  in  the  range  popular  among  fish  and  seals.  The 
flaps  were  operated  in  two  modes:  waving  and  clapping. 
These  flaps  mimic  the  motion  of  the  caudal  and  pectoral  fins 
of  a  fish.  (This  clapping  motion  is  also  found  among  insects.) 
It  was  demonstrated  that,  although  attached  to  a  rigid  body, 
the  device  can  produce  a  net  thrust.  By  operating  the  flaps 
differentially,  the  device  can  also  be  used  to  produce  a  yawing 
moment  for  maneuvering  purposes.  The  waving  mode  of  the 
flaps  is  more  efficient  as  a  thruster  compared  to  the  clapping 
inode.  This  explains  why  a  fish  may  use  a  caudal  fin  for 
propulsion  and  the  pectoral  fins  for  maneuvering.  The  waving 
mode  involves  a  yawing  motion  of  the  nose.  Thus,  its  higher 
propulsive  efficiency  suggests  that  the  side-to-side  motion  of 
the  head  of  a  fish  may  have  hydrodynamic  benefits. 

Comprehensive  measurements  of  the  vortex  shedding  process 
in  the  wake,  matched  to  the  phase  of  the  flaps,  have  been 
carried  out.  These  data  can  be  useful  to  validate  dynamic 
numerical  simulation  codes  incorporating  the  effects  of 
moving  surfaces.  Existing  non-linear  invlscid  theories  are 
inadequate  to  account  for  sensitivity  to  Strouhal  number  in  the 
range  0.2  <St<  0.4.  Viscous  stability  effects  also  need  to  be 
included.  In  the  dual-flapping  foils  attached  to  a  rigid  body, 
while  the  net  drag  is  less  than  the  net  thrust,  the  wake  is  very 
wide  compared  to  that  for  a  fixed  cylinder  of  same  diameter 
and  the  wake  decays  rapidly.  This  is  explained  by  clearly 
demonstrating  that  the  wake  of  the  device  is  predominantly 
composed  of  down-stream-pointing  jets  lying  between  pairs  of 
shed  vortices. 

Past  two-dimensional  theoretical  and  experimental  results  in 
the  low  Strouhal  number-axial  force  coefficient  range,  as  well 
as  the  present  work  over  a  larger  range.  Indicate  that  there  is 
an  universal  asymptotic  limit  of  thrust  that  can  be  produced  by 
the  flapping  foil  technique.  However,  the  axial  force  produced 
may  fall  short  when  flapping  foils  are  attached  to  rigid  bodies. 
The  interaction  of  the  drag  of  the  rigid  body  with  the  flapping 
foil  flow  is  complicated.  There  is  systematic  variation  in  force 
generation  with  the  mode  of  flap  oscillation,  flapping  foil 


Fig.  28.  Schematic  of  vortex  train  in  waving  mode  showing  the 
origin  of  axial  and  cross-stream  force  vectors. 

frequency  (in  addition  to  Strouhal  number)  and  the  number  of 
flapping  foils.  Three-dimensional  viscous  non-linear  theories 
are  required  to  account  for  these  effects. 

When  the  present  work  was  started,  we  were  intrigued  by  the 
fact  that  the  clapping  motion  of  the  wings  of  insects  for 
propulsion  is  common  in  air,  but  is  rare  in  water.  On  the  other 
hand,  the  waving  motion  of  the  caudal  fin  of  fish  is  common 
in  water  but  is  rare  in  air.  Because  clapping  of  wings  in  air 
produces  both  thrust  and  a  large  amount  of  lift  force,  it 
involves  a  complicated  rotaiy  motion  of  the  wings  as  well. 
The  ability  of  small  insects  to  fly  in  the  air  remains  a  mystery. 
Quantitative  experiments  are  required  to  ’  ascertain  the 
mechanisms  involved.  However,  aquatic  animals  have 
septate  means  for  handling  the  buoyancy  forces  and  the 
thrust-producing  role  of  the  waving  motion  of  the  caudal  fin  is 
relatively  better  understood. 

With  aquatic  animals,  the  main  lacuna  in  our  understanding  is 
the  element  of  drag.  There  is  considerable  uncertainty  in  the 
drag  data  of  aquatic  animals.  This  has  led  to  much  controversy 
in  the  past.  Even  our  understanding  of  lift-based  force 
generation  is  often  based  on  inviscid  non-linear  theories.  They 
do  not  adequately  account  for  viscous  effects,  which  influence 
the  behavior  in  narrow  Strouhal  number  ranges  where 
optimum  efficiency  is  reached.  Careful  laboratory  experiments 
on  simplified  engineering  models  of  aquatic  animals  and 
physical  modeling  might  bring  some  clarity  to  the  subject. 
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1.  SUMMARY 

As  is  shown  by  theoretical  and  experimental 
researches,  the  general  mechanism  of  crucial  re¬ 
duction  of  hydrodynamic  drag  consists  in  substi¬ 
tuting  rolling  friction  for  slipping  friction  [1].  This 
mechanism  is  realized  at  a  boundary  layer  recon¬ 
struction  with  formation  of  periodic  transverse  vor¬ 
tices  that  are  rolling  without  slipping  over  the 
body  surface.  A  small  velocity  gradient  charac¬ 
terizing  such  a  motion  conditions  low  energy  dis¬ 
sipation.  A  travelling  wave  on  elastic  body  surface 
works  as  a  mechanism  of  formation  of  a  periodic 
vortex  structure  for  some  water  animals,  such  as 
dolphins.  At  appropriate  elastic  parameters  of  the 
surface,  the  wave  is  excited  in  a  regime  of  hydroe¬ 
lastic  flutter.  The  surface  roughness,  as  it  takes 
place  with  sharks,  expands  the  range  of  velocities 
at  which  travelling  waves  are  excited,  though  it 
decreases  their  energy  efficiency. 

2.  INTRODUCTION 

Another  vortex  formation  mechanism  abundant 
in  nature  employs  the  specifics  of  the  flow  along 
a  slender  rough  body.  Analytical  calculations  val¬ 
idated  by  direct  experiments  showed  that  helical 
vortices  with  a  high  amplitude  growth  increment 
are  generated  on  a  slender  rough  body.  Arriving 
at  the  fish  body,  wbll-developed  helical  vortices  re¬ 
construct  the  boundary  layer  in  such  a  way  that 
the  normal  flow  with  slipping  of  fluid  layers  with 
a  high  velocity  gradient  is  replaced  by  a  motion 
with  rolling  of  vortices  with  a  small  velocity  gradi¬ 
ent  and,  as  a  consequence,  with  low  hydrodynamic 
drag. 

The  rostrum  of  a  sword-fish  is  a  slender  body 
covered  by  small-sc£ile  roughness.  Nearly  parallel 
flow  is  formed  at  a  small  distance  from  the  lead¬ 
ing  edge,  which  changes  weakly  downstream  due 
to  both  viscosity  and  slight  thickening  of  the  ros¬ 
trum.  One  can  try  to  approximate  this  flow  by 
fluid  motion  along  an  infinite  thin  rough  needle. 

'I’lic  needle  surface  roughness  generates  contin¬ 
uously  small  disturbances  in  the  flow.  The  stabili¬ 
ty  of  initial  laminar  flow  guarantees  the  absence  of 
other  disturbances  except  for  those  diffusing  from 
the  cylinder  surface.  For  one-scale  roughness,  we 
wiU  have  one-scale  turbulence  with  a  known  mix¬ 
ing  path  length. 

'I’lie  presence  of  turbulent  oscillations  causes 


the  appearance  of  turbulent  viscosity  that  exceeds 
multiply  the  molecular  viscosity  in  the  gradient 
flow  region.  The  flow  which  is  of  interest  to  us 
can  be  described  by  the  Reynolds  equations  with 
a  certain  turbulent  viscosity  which  can  be  deter¬ 
mined  using  the  Prandtl  technique  [1]  in  terms  of 
known,  in  the  present  case  constant  mixing  path 
length.  The  solution  obtained  can  be  analyzed  for 
stability.  Invbcid  solutions  depend  on  turbulent 
viscosity  only  via  the  averaged  velocity  profile. 

3.MATHEMATICAL  FORMULATION  OF  THE 
PROBLEM. 

The  equation  of  the  average  momentum  in  the 
boundary  layer  model  in  the  cylindrical  coordinate 
system  r,  z  is  written  as 


Here,  £/  and  V  are  components  of  the  aver¬ 
aged  velocity  profile,  «,v  are  components  of  the 
fluctuating  velocity. 

According  to  the  Prandtl  model  [2],  the  Reynolds 
stress  can  be  expressed  in  terms  of  the  averaged 
velocity  gradient  (9l7/9r)  and  mixing  path  I  as 
follows: 

W=-/2(5t//5r)l 


Thus,  the  averaged  momentum  equation  is  reduced 
to  the  equation 


(i) 


The  continuity  equation  has  a  usual  form. 


a(Ur)  d{Vr) 
dz  ^  dr 


=  0 


(2) 


Assuming  the  needle  diameter  to  be  equal  to  zero, 
we  obtain  the  following  boundary  conditions  for 
unknown  functions  U  and  V. 

[/  =  U  =  0forr=0,z>0 
(7  =  1,  U  — »•  6  for  r  — +  oo 
One  can  conclude  from  the  form  of  equation  (1) 
that  it  is  independent  of  velocity  scale  but  depends 
on  the  roughness  scale.  Assuming  the  coordinates 
r,  z  be  normalized  to  a  certain  size  L,  the  quantity 
I  will  be  a  measure  of  relative  roughness. 

4.  SOLUTION  OF  THE  PROBLEM 
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From  the  analysis  of  diiriensionality  of  equa¬ 
tion  (1),  it  follows  the  existence  of  a  self-similar  so¬ 
lution  of  the  form  U  =  Uir})  where  Tf  = 

Let  us  represent  the  function  U (q)  in  terms  of  the 
second  derivative  of  some  other  unknown  function 

.U  =  <f>\r}) 

ruid  determine  the  second  component  of  velocity 
from  the  continuity  equation  (2). 

For  tills  purpose,  let  us  pass  to  new  variables 
..z  =  ^;  T}  = 

Then  we  will  need  the  relations  dij/dr  =  Tj/r  = 
l/(i2^)l/3 

drj/dz  =  —TjfZz 

di/dr  =  0;  d^/dz  =  1. 

Let  us  substitute  in  equation  (2)  the  rel£ition 
for  the  function  U. 


d{Ur) 
dr  ~ 


whence  we  can  obtain 


(3) 

Now  we  will  turn  to  the  momentum  equation  (1). 

After  substituting  the  above  formulas  for  U 
and  V,  the  left-hand  side  is  converted  to  the  fol¬ 
lowing  form 


Let  us  now  transform  the  right-hand  side  of 
this  equation. 

Finally,  we  obtain  an  equation  for 

ri2r,r'+r+lv<^>'-l<f>)=o  (4) 

with  the  boundary  conditions 
(f)"  =  0  for  j;  =  0 
Um{(f>lr]  —  c=  0  npH  17  0 

—  24>'  -1-  2<l>/rj)  =  0  npn  77  — >  00 
5.  ANALYSISOF  EQUATION  (4). 

For  small  values  of  argument  rj  in  equation  (4), 
the  main  terms  are  the  highest  derivatives  that 
describe  viscous  forces 

2r,<i>""  +  <f>"'  =  0, 


which  has  the  following  solution 


<I>"=W^- 


For  large  values  of  r}  the  main  terms  are  the  con¬ 
vective  terms 

which  vanish  at  <j>  =  Tf^. 

6.  ANALYSIS  OF  STABILITY  OF  THE  Sa 
LUTION. 

Let  us  designate  by  the  letters  u,  v,  u;,p  the 
small  perturbations  of  components  of  velocity  vec¬ 
tor  and  pressure,  which  will  be  sought  in  the  form 

ti,  v,w,p=  Jieel[Fr,  iGr,  Hr,pPr]  exp(in^ia(ar— ct)). 


Here,  a  is  the  wave  number  and  c  is  the  phase  ve¬ 
locity.  For  unknown  functions  F’(r),  G(r),  H{r)  af¬ 
ter  eliminating  P{r),  we  obtain  the  following  sys¬ 
tem  of  ordinary  differential  equations 

n{U  -  c)G  4-  ^[{U  -  c)rH]  =  0 


a{U  -  c){nF  -  arH)  -b  nU'G  =  0 

arF-i-r4-G  +  G  +  nH  =  0 
dr 

,  that  must  be  solved  with  uniform  boundary  con¬ 
ditions  F,G,H,P  0  at  r  — ^  0  and  r  — ►  00. 

The  second  equation  of  this  system  is  an  al¬ 
gebraic  one  and  makes  it  possible  to  exclude  the 
function  F. 

As  a  result,  one  can  obtain  a  system  of  two 
equations  of  the  first  order  for  two  unknowns  H,  G. 


n{U  -  c)G  +  -^[{U  -  c)rH]  =  0  (5) 

dr 


n{U-c){r^+G)~nrU^G+(n^Wr^){U-c)H  =  0 

>  V 

(6) 

Excluding  H  from  this  system,  we  obtain  one  second- 
order  equation  with  one  unknown. 


dr  ^  dr 


(rG)]- 


(7) 


-r£'  )  =  o 

ar  n-'  -h  a^r^ 


The  system  of  equations  (5)-(6)  or  equation  (7) 
equivalent  to  it  with  uniform  boundary  conditions 
can  have  a  solution  only  for  certadn  values  of  c  and 
a  that  are  called  eigenvalues. 

Stability  of  various  axisymmetric  flows  is  stud¬ 
ied  in  detail  in  a  well-known  paper  of  Batchelor 
and  Gill  [4].  In  particular,  they  showed  that  the 
flow  can  lose  stability  with  respect  to  inviscid  form 
of  perturbations  if  the  following  condition  is  sat¬ 
isfied  at  some  internal  point: 


d  rU' 
dr'n^  -b 


)  =  0. 
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Here,  as  usually,  n  is  the  number  of  the  azimuthal 
mode,  and  a  is  the  wave  number  of  the  longitudi¬ 
nal  travelling  wave. 

This  condition  is  a  generalization  of  the  known 
condition  on  an  inflection  point  in  the  profile  of  a 
parallel-plane  flow  to  an  axisymmetric  flow. 

It  is  easy  to  see  that  this,  condition  is  not  valid 
for  the  Poiseuille  flow  with  a  logarithmic  profile 
and  for  any  profile  if  we  confine  ourselves  to  ax¬ 
isymmetric  disturbances  (n  =  0). 

At  the  same  time,  for  a  profile  on  a  rough  cylin¬ 
der  obtained  by  us,  this  condition  is  always  valid 
at  point  rjt  =  n|^/^a. 

Batchelor  and  Gill  showed  that  most  unstable 
are  disturbances  with  the  number  n  =  1. 

Concerning  the  conditions  of  physical  realizar 
tion,  we  are  mterested  in  the  case  when  the  prod¬ 
uct  ac  =  a;  is  a  real  number,  hence,  a  is  a  com¬ 
plex  number  conjugated  with  c.  In  this  case,  the 
real  part  of  the  wave  number  a,  determines  the 
wave  length  A  in  accordance  with  the  relation  otr  = 
2x/A,  and  the  imaginary  part  dj  determines  the 
downstream  change  of  disturbance  amplitude  ac¬ 
cording  to  the  law  exp(— a.z. 

The  reference  length  in  the  problem  under  con¬ 
sideration  can  be  only  the  wave  length,  which  will 
be  accepted  as  a  unit  of  measurement.  With  such 
normalization,  otr  =2ir,  and 


_  r.  I  1  _  1 

r*  _  rtee/^^  -  ^ 


Since  ct,-  <  otr,  then  the  dimensionless  distance 
to  the  critical  layer  will  be  determined  by  a  small 
number  0.092. 

Let  us  rewrite  equation  (7)  in  the  following 


way: 


d .  r  d 
^ dr  -l-a^r^  dr 


(rG)]  -  rG  = 


r^G  d  rU' 

U  —  cdr  -f- 


(8) 


Let  us  represent  an  approximate  solution  to  this 
equation,  which  satisfies  uniform  boundary  condi¬ 
tions,  in  the  following  form: 
rG  =  0  for  r  <  r* 
rG  =  rKl(ra)  for  r  >  r* 

Here  A'/  is  the  Hankel  function  of  the  /th  order. 
The  condition  of  continuity  of  this  function  at 
point  r  =  r* 

A;(rio)  =  0  (9) 


can  be  provided  by  choosing  an  arbitrary  value  of 
the  wave  number  a. 

Using  direct  substitution,  one  can  verify  that 
the  chosen  function  satisfies  equation  (8)  for  ve¬ 
locity  profile 


1/  =  const  at  r>  rt 

and  is  an  approximate  solution  for  all  profiles  sim¬ 
ilar  to  this  one. 

The  first  root  of  equation  (9)  has  the  following 
complex  value;  0.90  —  tO.58.  The  negative  imag¬ 
inary  part  ensures  a  rapid  growth  of  disturbance 
amplitude. 

7.  CONCLUSION. 

The  conducted  qualitative  analysis  of  solution 
properties  and  the  estimate  of  some  of  its  param¬ 
eters  allows  one  to  prepare  an  experimental  verifi¬ 
cation  of  the  hypothesis  according  to  which  a  thin 
rough  rostrum  of  a  sword-fish  performs  a  function 
of  vortex  generator. 

Firstly,  we  found  out  that  dimensionless  pa¬ 
rameters  of  the  flow  along  a  rough  cylinder  are 
independent  of  velocity  scale.  This  makes  it  pos¬ 
sible  to  carry  out  experiments  with  an  arbitrary 
velocity  convenient  for  the  experimentor. 

Secondly,  we  found  out  that  the  velocity  profile 
formed  by  the  rough  cylinder  is  stable  with  respect 
to  axisymmetric  disturbances.  At  the  same  time, 
helical  disturbances  of  the  travelling  wave  shape 

f{r)exp[ioc[z  —  ct)  -f  inff] 

are  unstable  with  a  continuous  spectrum  of 
frequencies.  This  means  that  forced  generation 
of  such  disturbances  with  a  small  initial  ampli¬ 
tude  ensures  an  onset  of  increasing  disturbances 
which,  having  achieved  a  certain  amplitude,  as  we 
suppose,  form  a  steady  periodic  flow.  The  most 
unstable  form  is  a  helical  vortex  filament  corre¬ 
sponding  to  the  value  n  =  ±1.  Superposition  of 
two  such  forms  provides  an  intersecting  vortex  ge¬ 
ometry  thait  will  then  evolve  into  inclined  circu¬ 
lar  vortices  embracing  the  cylinder.  Such  waves 
can  be  generated  by  transverse  oscilleitions  of  the 
cylinder  in  one  plane,  two  disturbance  waves  being 
excited  during  one  period  of  osciUations. 
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SUMMARY 

General  principle  of  optimization  of  alive  organism 
consists,  as  a  result  of  many-centuries  evolution,  in 
attainment  of  minimal  energy  expenditures  for 
maintaining  the  process  of  life.  Principal  attention  in 
this  investigation  is  payed  to  study  of  peculiariries  of 
organism  systems  and  their  interaction  in  the  process 
of  motion  of  water  animals,  which  are  directed  at  the 
reduction  of  energy  expenditures.  On  dolphin 
example,  considered  are  peculiarities  of  morphology 
and  physiology  of  skeleton,  muscles,  skin  coating, 
blood  system  and  innervation.  As  the  motion  takes 
place  in  the  water  medium,  considering  those  systems 
the  force  influence  of  medium  onto  the  organism  is 
taken  into  account.  Studied  are  influence  of  swimming 
speed,  non-steadiness  of  flow,  unusual  method  of  trust 
creation,  specific  structure  of  body  surface  onto  the 
body  systems.  Also  considered  are  some  peculiarities 
of  hydrodynamic  influence  onto  the  body  when 
moving  in  water  medium.  In  accordance  with  these 
peculiarities,  specific  structure  of  mentioned  systems 
of  water  animals  are  analyzed. 

Here  there  are  detailed  description  of  skeleton  and 
location  of  innervation  ganglions  as  well  as  layer-by- 
layer  location,  along  diameter  and  body  length,  of 
moving  muscles.  Structure  of  skin  coatings  is  given  in 
details  especially.  The  peculiarities  of  blood  system 
and  structure  of  that  in  skin  coating  are  analyzed. 
Presented  are  results  of  measurements  of  temperature 
distribution  on  the  surface  of  body  skin  and  results  of 
theoretical  estimation  of  controlled  heat  conductivity 
of  skin. 

By  means  of  apparatus  developed,  the  measurements 
of  distribution  for  elasticity  and  damping  properties  of 
skin  of  different  dolphin  types  are  carried  out. 

Presented  are  results  of  direct  and  indirect 
measurements  of  other  mechanical  parameters  of  skin, 
in  particular  phase  velocity  of  disturbances 
development.  The  results  of  measurements  of 
turbulent  boundary  layer  in  different  regimes  of 
dolphin  motion  are  given.  Described  are  the 
functioning  the  body  systems  and  mechanisms  for 
regulation  of  mechanical  features  of  skin. 

The  ways  of  reduction  of  body  motion  drag  are 
shown. 

I.  INTRODUCTION 


The  attention  to  hydrodynamic  functions  of  skin 
covers  and  bodies  of  cetaceans  was  paid  for  the  first 
time  in  the  works  [11,  30-33,  37  etc.].  The  greatest 
attention  to  these  investigations  was  attracted  by  the 
publication  of  the  Gray's  book  [13],  were  the  estimated 
calculation  has  shown  that  the  energy  of  dolphins 
does  not  correspond  to  swimming  speeds  developed  by 
them.  The  book  of  Hertel  [12]  has  shown  ways  of  the 
hydrobionics  technical  applications  and  has  formed 
the  basis  for  development  of  this  direction  in  the 
different  countries.  The  fundamental  theoretical  [17, 
21,  22,  27,  38]  and  series  of  experimental  [20,  36  etc.] 
investigations  in  hydrobionics  were  carried  out. 

It  is  known,  that  high-speed  hydrobionts,  in  particular 
dolphins,  have  developed  as  a  result  of  evolution  the 
adaptations  for  economical  energy  expenditure  and 
efficient  drag  reduction. 

The  principal  purpose  of  research  consists  in  finding 
the  corresponding  laws  of  structure  of  skin  and  other 
organism  systems  as  well  as  explanation  of  that  on  the 
basis  of  laws  of  physics  and  hydromechanics. 

Hydrobionics  is  new  science  based  on  complex 
studying  the  phenomena  using  knowledge  of  different 
scientific  directions  including  biological  and  technical 
ones.  As  a  new  science  hydrobionics  needs 
development  of  methodology  and,  in  particular,  of 
new  techniques  for  experimental  investigations 
carrying  out.  Present  section  of  research  includes 
development  of  methodology  of  carrying  out  the 
mainly  experimental  hydrobionical  investigations. 

About  30  years  of  research  in  Institute^  of 
Hydromechanics  of  National  Academy  of  Science  of 
Ukraine  and  in  other  institutions  show  the  perfect 
flowing  around  the  high-speed  marine  animals  and  the 
difference  from  that  for  corresponding  rigid  bodies 
[17,25]. 

Study  of  living  organisms  should  not  be  conducted  in 
the  same  manner  as  it  is  done  in  case  of  rigid  bodies  in 
technics.  This  gives  the  new  notion  in  the  field  of 
modelling  in  technical  problems.  Well  elaborated 
bionical  approach  can  create  a  bridge  between 
investigations  of  marine  animals  and  development  of 
methodology  for  identification  of  more  effective 
technical  systems. 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water", 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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The 'most  important  is  insight  into  understanding  of 
basic  principles  of  organism  construction  which  would 
permit  to  develop  the  reliable  methodics  of  research. 

The  purpose  of  present  investigation  consists  in 
identification  and  study  the  adaptation  mechanisms  of 
systems  in  a  hydrobiont  organism  which  are  energy 
saving  at  high  speeds  of  swimming. 

The  hypothesis  of  present  investigation  consists  in  the 
fact  that  all  organism  systems  are  interconnected  and 
function  towards  achievement  of  highest  efficiency: 
drag  reduction  and  increase  of  propulsion  efficiency  at 
minimum  possible  energy  expenditures. 

Formulation  of  the  problem  consists  in 
determitanation  of  thei  relationship  between 
morfology  of  hydrobiont  body  and  its 
hydrodynamics. 

Approach  consists  in  characterization  of  hydrobiont 
morphology  systems  including  hydrodynamic 
correspondence  and  mutual  interaction  of  organism 
systems. 

2.  BASIC  PRINCIPLES  OF  THE  GYDROBIONIC 
The  most  important  for  undestanding  the  peculiarities 
of  structure  of  hydrobionts  and  their  systems  as  well 
as  for  modelling  those  pecularities  in  technics  is  study 
and  systematization  of  hydrobionics  principles.  Let 
enumerate  the  basic  functional  principles  [4,  5,  8,  9, 
25]. 

-  Principle  of  buoyancy  force  balance.  Average 
density  of  hydrobiont  body  is  close  to  that  of 
water,  so  animal  is  more  or  less  balanced  by  static 
force  buoyancy.  Positive  or  negative  buoyancy  is 
neutralized  during  the  motion  by  hydrodynamic 
resultant  force  of  body  and  fins. 

-  Biological  principle  of  convergence  (likeness  of 
signs)  affirms  that  in  long-  and  stable-uniform 
conditions  of  life  the  animals  of  different  type, 
under  influence  of  natural  selection,  draw  nearer 
concerning  some  signs,  which  are  connected 
directly  with  influence  of  environment. 

-  Biological  principle  of  divergence  (discrepancy  of 
signs)  means  that  in  the  range  of  one  single  species 
there  are  not  absolutly  equal  organisms.  Being 
uniform  initially  groups  of  them,  during  natural 
selection  in  some  different  conditions  of 
environment,  have  been  specializing  in  different 
directions.  As  a  result  new  varieties  and  binds  have 
appeared  with  more  expressed  distinctions  of 
structure,  functions  and  way  of  life.  For  example, 
skin  elasticity  of  dolphins  which  swim  with 
different  speeds  is  essentially  different. 

-  Important  is  biological  principle  of  embriogenes.  It 
was  found  out  that  is  process  of  embrio  growth  the 
common  signs  of  large  group  of  animals  are  found 
themselves  earlier  than  special  ones.  So,  different 
signs  caused  by  historical  influence  of  environment 
appear  successfully. 

-  Principle  of  progressive  swimming  consists  in  that 
that,  as  hydrobiont  dimensions  increase  and 
strenghtening  the  level  of  organizing,  the 


maximum  swimming  speed  essentially  increases.  It 
is  stipulated  by  the  fact  that  effective  power  of 
hydrobiont  is  proportional  to  cube  of  linear 
dimensions  (to  mass),  and  hydrodynamic  drag  -  to 
square  of  linear  dimensions  (square  of  wetted 
surface). 

The  principle  of  cyclic  motion.  Swimming  of  water 
animals  is  always  non-stationary,  usually 
periodical,  close  to  harmonic.  Besides,  usually  the 
active  swimming  alternates  with  motion  by  its  own 
momentum  (coasting).  This  principle  may  be 
explained  by  important-for-life  biological 
properties  of  regulating  the  parameters  of  living 
tissues,  which  (properties)  are  stipulated  by  cycles 
of  energy  exchanges,  acts  of  breathing  and  blood 
circulation  as  well  as  unexplored  jet  efficiency  of 
non-stationary  swimming. 

Principle  of  propulsor  unification.  Among 
hydrobionical  objects  the  most  widely  distributed 
are  wave-like  propulsors  with  elastic  bending- 
oscillatory  complex  of  different  structure  which 
become  localized  as  the  dimensions  and  swimming 
speeds  increase. 

Principle  of  relative  hydrodynamic  conformity  is 
characterized  by  that  that,  as  Reynolds  number 
increases,  there  is  succesive  localization  of 
hydrobionts  parameters  range  with  changing,  in 
law-governed  way,  characteristics  of  propulsors 
and  methods  of  swimming  in  accordance  with 
hydrodynamic  modes  of  flow  in  boundary  layers 
and  vortical  wakes.  However  the  generic  Reynolds 
numbers  differ  essentially  from  those  for  rigid 
bodies  because  of  specific  flexible  skin  covers  and 
non-steadiness  of  flowing  around. 

Principle  of  receptoric  regulation  consists  in  the 
following.  If  rigid  body  moves  then  various 
hydrodynamic  forces  influence  its  surface. 
However  the  rigid  body  is  insensitive  to  those 
forces,  it  does  not  perceive  them  because  designers 
set  beforehand  such  a  margin  of  safety  that  this 
body  would  not  be  deformed.  For  all  hydrobionts 
and  in  particular  cetaceans  the  nerve  endings  are 
located  in  skin  very  close  to  flowing  around 
surface:  at  distance  of  several  tens  of  microns  from 
body  surface.  Our  predictions  showed  that  pressure 
fluctuations  •  and  boundary  layer  velocities  are 
registered  by  such  receptors  very  well.  Since  the 
hydrobiont  body  surface  is  very  innervated  then 
force  influence  of  hydrodynamic  field  of  outer 
medium  when  moving  and  especially  the  gradients 
of  hydrodynamic  loads  are  perceived  sensitively  by 
a  living  organism.  An  animal  feels  any  vortical 
perturbation.  And  this  principle  (law)  of  receptoric 
sensitivity  means  that  as  a  result  of  many-centure 
evolution  a  hydrobiont  organism  has  developed 
the  adaptations  in  such  a  way  that  to  eliminate  the 
painful  feelings.  Yet  on  the  basis  of  this  principle 
one  can  search  the  organism  adaptations  intended 
for  elimination  of  painful  feelings  and  directed 
toward  reduction  of  hydrodynamic  drag. 

Principle  of  interconnection  consists  in  that  that  all 
systems  in  a  living  organism  work  only  in  an 
interconnected  manner. 
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-  Principle  of  polyfmctionality  means  that  majority 
of  organism  systems  has  not'  one  function  only  but 
several  ones. 

-  Principle  of  combinationness  of  adaptive  systems 
consists  in  that  that,  in  order  to  achieve  the  most 
efficiency,  working  are  not  single  organism  system 
but  the  greatly  large  number  of  systems. 

-  Principle  of  automatic  regulation  consists  in  that 
that  all  adaptations  in  organism  work 
automatically. 

-  Principle  of  thermal  regulation  consists  in  that  that 
there  are  hydrobiont's  mechanisms  for  control  of 
heat  flux  and,  besides,  heating  is  directed  not  on 
forming  the  heat  boundary  layer  but  on  regulation 
of  mechanical  characteristics  of  skin  covers,  the 
latter  being  directed  to  control  of  coherent  vortical 
structures  of  boundary  layer. 

3.  GEOMETRIC  PARAMETERS  OF  BODY. 

In  conformity  with  hypothesis  of  research,  at  first  the 
geometric  parameters  of  body  and  its  parts  (fins)  are 
considered.  Geometric  parameters  have  to  provide 
minimum  hydrodynamic  drag.  Laminarized  airfoil  of 
B-TSAGI  series  for  airplane  wing  is  shown  on  Fig.  1 
at  its  top  [25].  On  the  airfoil  the  boundary  layer 
remains  laminar  one  on  the  extent  of  80.. .90%  of 
wetted  surface,  that  is  such  profile  has  minimum 
friction  drag  and  minimum  thicknesses  of  boundary 
layer  and  wake  behind  the  airfoil.  Below  are  the 
vertical  longitudinal  projections  of  cetacean  body:  II  - 
Orcinus  orca.  III  -  cetacean  dolphin,  IV  -  common 
dolphin,  V  -  coalfish  whale,  VI  -  grey  whale;  VII  - 
sperm  whale,  VIII  -  smooth  whale.  It  is  seen  that  all 
bodies  have  laminarized  shape.  Moreover,  the 
geometry  of  body  shape  is  such  that  resultant  lifting 
force  for  some  cetaceans  is  directed  upwards  and  for 
another  ones  down.  This  is  connected  with  way  of  life 
and  contributes  to  diving  and  rising  to  the  surface.  It 
is  to  be  noted  that,  from  one  side,  cetaceans  are  able  to 
regulate  the  body  shape  unlike  rigid  bodies  and  can 
change  the  direction  of  resultant  force.  From  another 
side,  they  have  almost  zero  buoyancy  and  can  move  in 
fluid  with  different  position  of  the  body.  This  promote 
effective  body  manoeuvrability.  On  Fig.  2  one  can  see 
the  body  shape  of  having  been  just  caught  cachalot 
(sperm  whale),  and  represented  on  Fig.  3  [29]  are 
bodies  of  revolution  which  are  equivalent  to  trunk  of 
cachalot  (1),  coalfish  whale  (2)  and  dolphin  (3)  [17].  It 
is  seen  that  all  animals  belong  to  different  speed 
groups:  high-speed  dolphin  has  obviously  laminarized 
shape;  as  low  swimmer  but  good  diver,  cachalot  has 
middle  section  located  in  the  forebody  part.  All 
cetaceans  have  well-streamlined  body  shape. 

The  shape  of  cetacean  fins  is  also  of  optimal  geometry 
which  corresponds  to  best  airfoils  [15,  25].  Fins  of 
cetacean  are  able  to  change  their  geometry,  and  tail  fin 
changes  the  span  and  profile  shape  cyclically  in 
process  of  oscillation  [28]. 

4.  SPEEDS  OF  MOTION. 

In  order  to  estimate  correspondence  of  adaptations  of 
organism  systems  to  hydrodynamic  laws  of  body 
flowing  around  it  is  necessary  to  know  the  real  speeds 


of  the  hydrobiont  swimming.  Distingnished  are  three 
typical  speeds  of  swimming:  slow  swimming  with 
infinite  time  of  motion,  cruise  swimming  speeds  which 
can  be  maintained  by  animal  for  15.. .20  minuts  and 
full  speeds  (rush-like)  that  are  the  maximum  possible 
speeds  which  can  be  maintained  for  several  seconds 
[17,25]. 

Thus,  the  speed  of  motion  is  determined  by  the  time  of 
sustaining  the  loading.  Besides,  speed  of  motion  is 
determined  by  the  size  of  motive  musculature  that  is 
dimensions  and  length  of  animal. 

Shown  on  Fig.  4  is  dependence  for  cruising  mode  of 
swimming  on  duration  of  swimming  for  wild  dolphins: 
common  dolphin  (1),  orca  (2),  white  whale  (3)  and  for 
whales:  blue  (4),  grey  and  sperm  whales  (5,  6),  and 
also  for  pro-dolphin  having  been  trained  (7),  bottle¬ 
nosed  dolphin  (8)  and  striped  one  (9).  Experiments 
with  fishes  in  hydro-tubes  represent:  a  -  pulsed  mode, 
b  -  long-time,  c  -  migrating  mode,  and  also  sports 
swimming  of  champions:  d  -  with  flippers,  e  -  "free¬ 
style"  method,  and  the  last  one:  f  -  salmon  of  0.18 
meters  length  [17]. 

Comparison  of  hydrodynamic  parameters  for 
hydrobionts  of  different  type  with  technical  objects  is 
shown  on  Fig.  5  [25];  1  -  fishes:  a  -  trout,  b  -  salmon,  c 

-  vakhu,  d  -  barracuda,  e  -  tuna,  f  -  sword-fish,  g  - 
maco  shark,  h  -  blue  shark;  2  -  cetaceans  -  dolphins:  i  - 
common  dolphin,  j  -  bottle-nosed,  k  -  howling,  1  - 
orca,  m  -  white  whale;  whales:  n  -  finback  whale, 
coalfish,  fin-whale,  blue,  o  -  grey,  humpback,  sperm;  3 

-  transportation  of  light  divers;  4  -  self-propelled 
inhabited  vehicles;  5  -  small  submarines;  6  and  7  - 
foreign  submarines;  KT  and  OB  -  regions  of 
parameters  for  hydrodynamic  models  having  been 
tested  in  cavity  tube  and  test  tank. 

Majority  of  high-speed  hydrobionts  are  just  as  good 
as  american  submarines  as  to  speed  of  motion,  and 
some  of  hydrobionts  have  the  speeds  more  than  those 
of  technical  objects. 

5.  ENERGETICS. 

The  question  arises,  at  what  expense  the  high-speed 
hydrobionts  can  move  with  such  speeds.  Presence  of 
laminarized  shape  does  not  explain  the  phenomena 
found  out.  It  may  be  suggested  that  there  is  a  complex 
of  means  of  adaptation  in  organism  structure  for  the 
sake  of  observed  swimming  velocity  achievement.  The 
hypothesis  has  been  put  forward  that  all  is  determined 
by  energetics  of  animal.  Measurements  of  energy 
capabilities  (power  to  weight  ratio)  of  some  kinds  of 
high-speed  hydrobionts  have  been  carried  out.  Shown 
on  Fig.  6  are  the  power  of  basic  and  active  exchange  in 
dependence  of  total  mass  for:  1  -  dog,  2  -  human 
being,  3  -  horse  and  dolphins  (MC  -  porpoise,  A  - 
common  dolphin).  Line  1-prime  shows  energetics  of 
animal  in  a  state  of  excitement  [17].  It  is  seen  that  laws 
for  warm-blooded  animals  are  the  same.  The  more 
mass  the  higher  power  developed.  Shown  on  Fig.  7  is 
the  dependence  of  maximum  specific  power  output  to 
external  mechanical  work  on  duration  of  swimming 
[17].  Curve  1  is  predicted  one  according  to 
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approximating  formula  Qitiax=l,73[ln(l+T)]-'’25  here  T 
in  seconds,  Qmax  in  W/N,  2  and  3  -  physiclogical 
evaluations  for  sportsmen  -  champions  and  well- 
trained  sportsmen.  Experimental  points;  1  -  dolphin 
jumps,  2  -  salmon  jumps,  3  spawning  migration  of 
Siberian  salmon;  sportsmen:  4  -  boat-racing,  5  - 
running  on  track  and  uphill,  6  -  exercises  with  cycle- 
ergometer.  Maximum  speed  of  swimming  as  a 
function  of  motion  duration  is  represented  of  Fig.  S 
[25].  The  designations  are  as  follows: 


^max  ^  ^max  > 


T„„  =T  /T1 


7^  —  n  In*  I  I 

"max  —  "max  "max>  max  .  typical  averagc 
maximum  speed  of  every  species  swimming  at 
characteristic,  for  all  species,  swimming  duration 
T*=105  sec.,  q*  -  specific  output  of  power  at  T=  T*. 


There  are  some  methods  for  finding  the  energy 
capabilities  of  hydrobiont.  One  of  them  is  based  on 
results  of  gas  composition  analysis  of  air  breathed  out 
depending  on  fulfilled  loading  (work).  Second  method 
deals  with  estimation  of  jump  height  and  motion 
kinematic  during  the  jump.  All  measurement  showed 
that  energy  capabilities  of  high-speed  hydrobionts  are 
of  the  same  order  as  that  of  well-trained  sportsmen,  in 
particular  of  Olympic  champions.  Phenomenal 
differences  as  to  energy  capabilities  of  high-speed 
hydrobionts  were  not  found  out.  Discovered  in 
cetacean  tissues  was  myoglobin  which  contributes  to 
accumulation  and  reservation  of  oxygen.  Myoglobin 
promotes  the  deep-sea  diving  and  forcing  the  speed, 
but  does  not  exercise  essential  influence  on  magnitude 
of  cruising  speed  and  energy  capabilities. 


Body  shape  and  energy  capabiliities  do  not  permit  to 
explain  the  reason  of  the  high  swimming  speeds. 
Consequently,  hydrobionts  must  have  another  means 
of  adaptation  for  fast  swimming. 


6.  NON-STEADINESS  OF  MOTION. 

All  hydrobionts  move  along  non-steady  trajectory  and 
are  flowed  around  by  non-steady  flow.  There  are  three 
types  of  hydrobiont  swimming  [17]  (Fig.  9):  - 
undulatory  (shake-like)  type:  1  -  Squalus  acantias,  2  - 
Rabidus  furiosus,  3  -  Heterodontus  francisci,  4  - 
Lampetra,  5  -  Anguilla  rostrata,  6  -  Chlamydoselachus 
anqulneus,  7  -  Lophotes,  8  -  Gastrostomus;  - 
Scombroid  type,  when  tail  part  of  body  oscillates;  9  - 
Cephalorhyndus  commersonil,  10  -  Tunnus  saliens,  11 
-  Lamna  distropis,  12  -  Katsuwonus  pelamit,  13  - 
Balcenoptera  borealis,  14  -  Pneumatophorus 

garonicus,  15  -  Clupea  pallasii,  16  -  Ladis 
marocephalus,  17  -  Oncorhyndins  nerka;  -  fin-twinkle 
type:  18  -  tetraodon  melengris.  Shown  on  Fig.  10  is  the 
typical  trajectory  of  tail  fin  during  scombroid  mode  of 
motion  (curve  1),  with  that  the  centre  of  gravity  (curve 
2)  moves  along  straight  trajectory.  Cinema  frames  of 
motion  for  high-speed  bottle-nosed  dolphin  (at  the 
top)  and  low-speed  Phocaena  phocaena  (at  the 
bottom)  [17,  19,  25]  are  given  on  Fig.  7.  Investigation 
of  kinematics  of  hydrobiont  motion  is  as  separate  and 
very  important  part  of  hydrobionics.  A  large  amount 
of  experimental  researches  of  kinematics  of  fish  and 
dolphin  swimming  has  been  carried  out.  Developed 


were  the  theories  which  describe  method  of  motion 
and  allow  to  calculate  the  hydrodynamic 
characteristics  of  hydrobionts.  A  drawing-in  force, 
arised  at  the  tail  part  of  hydrobiont  body,  is 
introduced  into  prediction.  Measurements  of  pressure 
distribution  along  the  body  showed  that,  when  active 
swimming,  there  is  redistribution  of  pressure  along  the 
body,  which  promote  the  laminarization  of  boundary 
layer. 

However  the  calculations  have  shown  that  even  in  this 
case  the  drawing-in  force  and  pressure  redistribution 
don't  allow  to  explain  the  phenomena  of  fast 
hydrobiont  swimming. 

Next  problem  is  study  the  laws  of  non-steady 
boundary  layer  on  the  dolphin  body.  On  Fig.  1 1  there 
is  the  general  picture  (pattern)  of  coherent  vortical 
structures  development  in  the  boundary  layer  of  flat 
rigid  plate  during  laminar,  transitional  and  turbulent 
modes  of  flow  [7].  Shown  there  below  is  general 
scheme  of  morphological  structure  of  outer  layers  of 
dolphin  skin  and  generation  in  the  boundary  layer, 
with  help  of  skin,  of  two  types  of  coherent  vortical 
structures:  sinusoidal  wave  and  longitudinal  vortexes. 
Of  course,  this  idealized  picture  in  real  non-steady 
boundary  layer  on  vibrating  surface  will  have  another 
character  (behaviour).  Carried  out  were  direct 
measurements,  with  thermoanemometer,  of 
longitudinal  fluctuative  component  of  velocity  in  the 
dolphins  boundary  layer  at  different  modes  of  its 
motion  [18,  19,  26].  On  Fig.  12  curve  2  corresponds  to 
longitudinal  fluctuative  velocity  along  rigid  body  and 
curve  1  [17-19]  is  that  along  dolphin  body.  It's  seen 
that  transition  to  turbulence  happens  at  high  speed  of 
motion.  Maximums  of  fluctuations  are  less  for  curve  1 
and,  what  is  most  important,  it  is  smooth  that  is  there 
are  not  large  gradients  of  velocity  change  as  it  is  when 
flowing  the  rigid  dolphin  model.  Fig.  13  shows  that 
value  of  fluctuations  and  their  behaviour  change 
essentially,  depending  on  modes  of  acceleration.  Also 
compared  were  distributions  between  fluctuative 
velocity  along  dolphin  body  and  its  rigid  skin  (Fig. 
14):  1...6  -  points  on  the  animal  body  at  x/L=0,22; 
0,56;  0,75;  0.8;  0.84;  0.89;  7  -  data  for  rigid  model  at 
U=4.7  m/s;  8...  11  -  data  at  passive  swimming  at 
U=1.0,  2.7,  2.5,  3.3  m/s;  12...  15  -  active  swimming  at 
the  same  speeds.  One  can  see  the  essential  difference  of 
fluctuations  in  the  boundary  layer  of  alive  dolphin 
and  its  rigid  model.  During  active  swimming  the 
boundary  layer  fluctuations  are  intrinsicly  smaller 
[26].  Magnitude  of  fluctuations  determines  the  friction 
drag.  Thus,  from  those  date  it  is  seen  that  friction  drag 
of  actively  moving  dolphin  is  considerably  less  than 
that  of  rigid  body.  What  is  an  explanation  of  results 
obtained.  To  understand  this  one  should  consider 
morphological  structure  of  dolphin  skin  and  its 
systems. 

7.  MORPHOLOGY  OF  ORGANISM  SYSTEMS. 

In  the  centre  of  Fig.  1 5  there  is  classical  structure  of 
dolphin  skin  by  academician  V.  E.  Sokolov  [31-33].  In 
outer  skin  layers  one  can  see  clearly  the  dermal  nipples 
and  dermal  rolls.  At  the  left  there  is  the  scheme  of  skin 
structure  according  to  Surkina  and  Babenko  [9].  The 
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basic  distinction  from  Sokolov's  scheme  is  skin 
musculature  and  specific  peculiarities  of  outer  layers 
structure  shown  below.  Fig.  16  depicts  the  skin 
development  during  ontogenesis.  This  means  that,  as 
embryoe  developes,  in  its  organism  the  signs  appear 
which  have  been  developed  in  the  process  of  many- 
century  selection.  Dermal  nipples  and  rolls  arised  in 
comharatively  recent  time.  Millions  years  ago  the 
dolphin  skin  was  the  same  as  we  have.  This  testifies 
that  specific  structure  in  the  skin  has  appeared  under 
the  action  of  force-type  stresses  of  flow  and  was 
directed  towards  friction  drag  reduction. 

On  Fig.  17  there  are  dimensions  of  transverse 
microfolds  on  skin  surface  [9].  It  is  seen  how  the  skin 
layers  in  the  region  of  microfolds  peel,  that  is 
connected  with  hydrodynamics  of  flowing  the  micro¬ 
hollow.  Shown  on  Fig.  18  on  the  right  are  the  angles 
of  inclination  of  dermal  mipples  as  regards  to  body 
surface  at  different  places  along  the  body  [9].  From  the 
left  there  is  topography  of  dermal  nipples  inclination 
angles  along  dolphin  body.  It  is  seen  that  these  angles 
of  inclination  correlate  with  gradients  of 
hydrodynamic  loads  on  the  body  arised  when  moving 
in  water  medium.  Angles  of  inclination  along  the  body 
change  essentially  and  are  stipulated  by 
hydrodynamics  of  body  flowing  only. 

Fig.  19  shows  along-the-body  direction  of  dermal  rolls 
in  the  dolphin  skin  [35].  Let  remind  that  dermal 
nipples  are  located  in  form  of  rows  along  dermal  rolls. 
Such  location  corresponds,  as  if,  to  streamlines  in 
boundary  layer  when  flowing  the  dolphin  body. 

On  Fig.  20  there  is  distribution  of  skin  muscle  along 
the  body  of  bottle-nosed  dolphin  and  Phocaena 
phocaena  [34].  Skin  muscle  plays  important  role 
during  regulation  of  mechanical  features  of  skin. 
General  scheme  of  location  of  motive  musculature  and 
skin  muscle  along  the  dolphin  body  [2,  34]  is 
represented  on  Fig.  21. 

Also  longitudinal  distribution  of  skin  thickness  both 
as  a  whole  and  of  separate  layers  were  measured  [10] 
(Fig.  22).  Near-surface  thin  layer  has  uniform 
thickness  along  the  body.  More  deep  layers  have 
different  thickness  distribution  along  the  body  that  is 
connected  with  hydrodynamic  functions. 

Represented  on  Fig.  23  is  general  scheme  of 
circulatory  system  and  innervation  of  dolphin  body  [1, 
2]  as  well  as  typical  pattern  of  web  of  circulatory  and 
lymphatic  systems  in  a  skin  cover  of  mammals.  In  the 
region  of  each  vertebra  there  exists  the  autonomous 
circulatory,  lymphatic  and  innervative  system  which 
control  narrow  circular  areas  of  skin. 

8.  MEASUREMENT  OF  MECHANICAL 
CHARACTERISTICS  OF  DOLPHIN  SKIN 
Peculiarities  of  structure  of  dolphin's  organism 
systems  show  that  there  exist  the  definite 
morphological  means  of  adaptation  directed,  first  of 
all,  on  intensive  section-by-section  blood-supply  of 
skin  covers.  Autonomous  section-by-section 
innervation  of  skin  testifies  about  fast  regulation  of 


blood-supply  and  lymphatic  system.  As  it  follows 
from  data  represented  on  Fig.  12-14,  16,  skin  covers  as 
a  result  of  long  evolution  have  developed  the 
adaptations  for  decrease  the  power  stress  of  friction. 

In  this  connection  it  is  of  interest  to  measure  the 
mechanical  characteristics  of  skin  covers.  On  the  basis 
of  analysis  of  skin  structure,  a  mechanical  model  of 
element  of  skin  cover  has  been  developed  [3,  7], 
Differential  equation  of  motion  for  the  model  has 
been  made  (Fig.  24),  while  making  the  coefficients  of 
the  equation  dimensionless  ones  allows  to  define  the 
basic  criterions  of  similarity. 

Apparatus  and  techniques  for  determination  of 
mechanical  characteristics  of  dolphin  skin  covers  have 
been  developed  [6,  7].  At  first,  measurements  of  skin 
elasticity  along  the  body  were  carried  out  with 
specially  produced  instrument.  Fig.  25  shows 
topography  of  dolphin  skin  elasticity. 

On  Fig.  26  there  are  results  of  measurement  of  skin 
elasticity  distribution  along  the  body  for  high-speed 
(common  and  bottle-nosed  dolphins)  and  low-speed 
(Phocaena  phocaena)  dolphins  as  well  as  for  having 
been  trained  (a)  and  just  cought  (b)  ones  [6,  17].  It  is 
seen  that  in  the  middle  part  of  the  body  elasticity 
decreases  and  in  tail  part  increases. 

One  of  the  most  important  characteristic  is  rigidity 
determined  as  ratio  of  elasticity  to  thickness  of 
measured  material.  On  Fig.  27  there  are  results  of 
measurements  of  skin  rigidity  for  above  mentioned 
dolphins.  The  empirical  equations  of  rigidity 
distribution  along  the  dolphins  body  were  made  [4]. 
On  Fig.  28  there  is  distribution  of  elasticity  parameter 
for  common  (1)  and  bottle-nosed  (2)  dolphins  at  fast 
and  slow  swimming.  The  shaded  area  corresponds  to 
optimal  parameters  for  drag  reduction.  It  is  seen  that 
skin  elasticity  becomes  optimal  at  fast  swimming  only. 

Represented  on  Fig.  29  are  the  measurement  results  of 
damping  dolphin  skin  features  determined  by  height  H 
of  rebounding  the  metal  balls  of  different  mass  M 
from  dolphin  skin  with  respect  to  initial  fall  height  Ho. 
Plotted  on  horizontal  axis  is  potential  energy  of 
perturbation  (by  balls)  which  (energy)  influence  the 
dolphin  skin.  It  is  seen  the  relationship  of  damping 
coefficient  for  skin  of  living  dolphin  is  essentially 
different  from  that  for  skin  of  sick  or  just  the  deceased 
dolphin  as  well  as  from  that  for  rubber-like  and 
constructive  materials.  The  principal  difference 
consists  in  that  that  damping  coefficient  comes  near  to 
100%  at  values  of  perturbation  energy  which 
corresponds  to  energy  of  pressure  fluctuations  of 
turbulent  or  transitional  boundary  layers  [39]. 

Investigated  also  were  another  mechanical  parameters 
of  skin  covers:  oscillated  mass,  coefficient  of  skin 
tension,  phase  velocity  of  skin  oscillations.  All  those 
parameters  become  optimal  ones,  from  the  point  of 
view  of  friction  drag  reduction,  at  fast-swimming 
speeds  only. 

9.  INTERACTION  OF  BIOLOGICAL  SYSTEMS. 
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Mechanical  characteristics  of  skin  covers  become 
optimal  from  hydrodynamical  positions  at  high  speeds 
of  swimming  only,  it  means  that  energetics  of 
organism  is  enough  for  swimming  at  low  speeds. 
When  moving  with  cruising  speeds  the  energy  in  not 
enough  and  joined  into  the  work  must  be  the 
adaptations  for  friction  drag  reduction,  which  were 
acquired  during  evolutional  development.  Evidently, 
the  adaptations  work  during  the  interaction  of  all  the 
organism  systems. 

Scheme  of  section-by-section  distribution  of  organism 
systems  and  their  interconnection  is  represented  on 
Fig.  30.  It  is  seen  that,  in  the  region  of  each  vertebra, 
blood  and  lymphatic  vessels  and  nervous  stems  are 
directed  vertically  upwards.  It  permits  in  a  shoretst 
way  to  provide  with  blood  and  regulate  automatically 
the  blood  current  in  outer  layers  of  skin.  Also  two 
layers  saturated  with  horizontal  layers  of  circulatory 
systems  are  seen  on  Fig.  30.  The  layer  of  skin  muscle 
can  regulate  mechanical  features  of  skin  layers  located 
upper  of  this  layer,  and  stress  of  motive  musculature 
changes,  cyclically  in  time  with  propulsor,  the  stress  of 
all  skin. 

On  the  basis  of  analysis  of  organism  systems 
interaction  and  Fig.  30,  the  following  classification  of 
methods  of  interaction  of  biological  systems  has  been 
developed.  As  a  result  of  such  interaction,  occurred  is: 

1 .  Regulation  of  shape  of  body  and  fins. 

2.  Regulation  of  geometric  parameters  of  skin  covers. 

3.  Adaptation  of  mechanical  characteristics  of  skin 
with  help  of  both  the  skin  tension  by  muscle  and 
the  oscillation  of  elastic  medium  (skin). 

4.  Control  of  mechanical  characteristics  of  skin  with 
help  of  systems  of  blood-circulation  and 
innervation. 

5.  Specific  regulation  of  body  and  skin  temperature. 

6.  Optimization  of  mechanical  characteristics  of  skin. 

7.  Regulation  of  vibration  on  skin  surface. 

On  Fig.  31,  32  it  is  shown  how  the  regulation  of  body 
shape  happens.  Conformity  between  dolphin  sceleton 
and  motive  musculature  along  the  body  is  represented 
on  Fig.  31  [24].  Fig.  32  shows  structure  of  organism 
systems.  When  bracing  the  motive  musculature,  the 
body  volume  and  cross  suction  as  well  as  body  shape 
can  change  itself  due  to  large  mobility  and  specific 
structure  of  sceleton  and  lungs  filled  with  air.  On  Fig. 
33  it  is  shown  how  the  shape  of  vertical  fin  changes. 
Such  change  ocurres  owing  to  specific  complex  vessels 
and  regulation  of  their  blood  filling  [24,  25,  37]. 

On  Fig.  34  it  is  shown  how  the  thickness  and  shape  of 
skin  covers  change  owing  to  specific  structure  of  skin 
muscle  [1].  With  that,  along  the  body  at  fast 
swimming,  a  longitudinal  fold  is  formed. 

Calculations  showed  that  mechanical  characteristics 
of  skin  and  its  stabilizing  the  boundary  layer  features 
can  be  changed  essentially  by  small  changes  of  body 
diameter  and  thickness  of  skin  cover. 

Fig.  35  shows  how  elasticity  of  skin  is  regulated  due  to 
changes  of  tension  in  skin  with  help  of  skin  muscle  [4]. 


Curves  1  and  2  denote  elasticity  of  sick  dolphin  of 
length  L=2.4  m;  curve  3  -  for  just  the  deceased 
dolphin,  L=2.55  m;  for  healthy  dolphins:  curves  4,5  - 
L=1.9  m  and  curve  6  -  L=2.2  m. 

Shown  on  Fig.  36  are  calculations  of  oscillations  of 
conical  panel  made  with  rubber  IRP-1347.  It  is  seen 
that  there  are  the  resonant  frequencies  of  oscillation  at 
which  the  maximum  temperature  of  rubber  heating  is 
reached. 

In  the  process  of  motion  dolphin  represents  the  elastic 
oscillatory  beam.  Skin  surface  can  be  represented  in 
form  of  conical  elastic  shell.  Owing  to  specific 
structure  of  skin  and  under-skin  fat  cellulose,  heat 
insulation  of  body  from  outer  water  medium  is 
realized.  In  this  consequence,  when  swimming  with 
high  speed,  heating  both  the  body  and  skin  owing  to 
oscillation  of  elastic  systems  occurs.  It  is  known  that 
elastic  characteristics  of  flexible  materials  depend 
essentially  on  temperature.  Thus  the  adaptation  of 
mechanical  characteristics  of  skin  to  external 
hydrodynamic  loads  is  realized. 

On  Fig.  37  there  is  the  scheme  of  hydrodynamic  loads 
that  act  on  a  body  of  revolution  which  is  similar,  as  to 
shape,  to  dolphin  body  [7,  8].  Curve  1  denotes  shear 
stresses  on  the  inner  surface  of  skin;  2  -  shear  stresses; 
3  -  static  pressure;  4  -  displacement  thickness  of 
laminar  boundary  layer.  It  is  seen  that  in  certain 
places  of  the  body  the  gradients  of  hydrodynamic 
loads  are  different.  Accordingly,  regulation  of 
mechanical  characteristics  of  skin  covers  must  be  by 
sections. 

Represented  on  Fig.  38  is  dependence  for  length  of 
section  of  self-regulation  of  damping  the  eetaceam 
skin  on  relative  maximum  speed  of  swimming  and 
Reynolds  number  [25]:  1  -  high-speed  and  II  -  low- 
speed  cetaeeans;  1  -  eommon  dolphin,  5  -  bottle-nosed 
dolphin,  7  -  howling  whale,  8  -  orca,  10  -  porpoise,  1 1  - 
white-wing  porpoise,  12  -  white  whale,  13  -  coalfish 
whale,  14  -  fin  whale,  15  -  blue  whale,  16  -  humpback 
whale,  1 7  -  grey  whale,  1 8  -  cochalot  (sperm  whale). 

The  warm-blood  cetaceans  provide  the  regulation  of 
elastic  prorerties  of  skin  with  help  of  circulatory  and 
Innervation  systems.  On  Fig.  39  there  is  the  scheme  of 
blood  circulation  in  dolphin  skin  [5,  23]:  1  -  venules,  2 
-  arterioles,  3  -  epidermis,  4  -  under-nipple  layer,  5  - 
derm,  6  -  hypoderm,  7  -  skin  musculature,  8  -  under¬ 
skin  fat  cellulose,  9  -  sceleton  musculature;  1  and  II  - 
first  and  second  layers  of  horizontal  location  of  vessels 
respectively.  Such  horizontal  two-layer  structure  in 
combination  with  skin  muscle  allows  to  create  a  heat 
screen  and  regulate  effectively  the  thermal  regime  of 
body  and  skin  covers  [5].  Complex  vessels  were  found 
out  in  under-nipple  layer,  which  permits  regulating  the 
heat  transfer  effectively. 

Capillars  of  venules  and  arterioles  in  epidermis  have 
between  themselves  the  straight  cross-pieces,  that 
allows  blood  to  flow  effectively  from  arterial  system 
into  venose  one.  Owing  to  specific  system  of 
innervation  such  flowing  can  be  controlled  actively. 
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Owing  to  regulation  with  skin  muscle  the  vessels  may 
become  closed  or  opened  at  all.  Thus,  with  help  of 
circulatory  system,  heat  flux  can  from  one  side  remain 
inside  the  body  and  from  another  side  be  directed  into 
external  layers  of  skin  for  change  of  mechanical 
characteristics  of  skin. 

On  Fig.  40  there  is  a  prediction  of  specific  heat  flux 
through  unit  of  length  of  dolphin  skin  for  common  (1) 
and  bottle  -  nosed  (2)  dolphins.  Curves  3  and  4  denote 
calculations  from  below  and  from  above  respectively. 
Calculations  have  been  fulfilled  according  to  formulas 
from  work  [5].  As  the  base  of  calculations,  taken  were 
measurements  of  temperature  of  exterior  surface  of 
skin,  which  were  carried  out  with  different  kinds  of 
living  dolphins  [5]. 

Measurements  showed  that  at  quiet  state  and  slow 
swimming  the  temperature  of  skin  surface  differs  from 
that  of  outer  medium  insignificantly,  of  the  order 
0.5°. ..0.7°  degrees  (Fig.  41)  [5].  On  fins  the  difference  is 
several  degrees.  At  such  difference  of  temperature  the 
thermal  boundary  layer  is  of  no  importance  for 
boundary  layer  stabilization. 

At  high  speeds  of  swimming  the  blood  circulation 
increases  and  pressure  in  capillars  of  dermal  nipples 
increases  too.  Nipples  become  of  bottle-like  form  [9], 
Fig.  42.  This  happens  also  owing  to  vessels 
contraction.  With  this,  from  one  side,  elasticity  of  skin 
increases,  however,  from  another  side,  damping 
properties  of  skin  increases  due  to  specific  form  of 
nipples.  Thereby  adjuistment  of  stabilizing  properties 
of  skin  onto  optimal  regime  occures. 

Vessels  of  lymphatic  system  have  a  system  of  valves 
intended  for  flow  of  lymph  in  one  direction  (Fig.  43) 
[2].  Undoubtedly,  lymphatic  system  participates  also 
in  generation  of  optimal  mechanical  properties  of  skin 
covers. 

To  determine  the  optimal  properties  of  skin  covers, 
theoretical  and  experimental  investigations  have  been 
carried  out  with  analogs  of  dolphin  skin  cover.  On 
passive  analogs  of  skin  covers  a  range  of  optimal 
parameters  has  been  determined.  Those  data  are  to  be 
compared  with  results  of  measurement  of  mechanical 
characteristics  of  skin  covers  and  can,  as  a  first 
approximation,  serve  as  landmarks  for  determination 
of  corresponding  characteristics  for  artificial 
(cynthetic)  elastic  coatings. 

Executed  also  were  direct  measurements  of  vibration 
of  skin  covers  at  different  speeds  of  swimming  [16,  25]. 
Calculations  of  mechanical  characteristics  based  on 
modelling  approach  showed  good  agreement  with  just 
mentioned  results.  Besides,  active  oscillation  of 
external  covers  shows  resonant  mechanism  of  their 
interaction  with  disturbances  of  boundary  layer. 

10.  SOME  EXPERIMENTAL  VERIFICATIONS 
ON  MODELS  AND  DEVELOPMENT  OF 
ANALOGS  OF  SKIN  COVERS. 

Direct  measurements  of  kinematics  of  dolphin 
swimming  have  been  carried  out  [12,  15,  17].  On  the 


basis  of  processing  the  cinema  frames  and  direct 
measurent  of  dolphin  body  and  fins,  predicted  were  all 
corresponding  parameters  on  which  basis  the  relations 
on  Fig.  44  were  built  [17].  Curves  I  and  2  denotes 
relations  for  laminar  and  turbulent  boundary  layers 
on  flat  plate  respectively.  When  dolphin  moving  with 
different  accelerations  the  curves  mean:  3  -  a=0, 35^0,7 
m/s^,  4  -  0,1  ^0,3  m/s2,  5  -  0,0■^0,07  m/s^,  6  -  - 
(0,08-r0,15)  m/s^,  7  -  motion  by  inertia  with  put-off 
engine. 

Obtained  with  quasi-stationary  approach  the 
coefficients  of  dolphins  hydrodynamic  drag,  whose 
propulsor  is  considered  as  working  one  in  the  regime 
of  flapping  wing  (points  in  double  small  circles),  are  in 
all  cases  approximately  twice  as  much  than  those 
obtained  at  the  same  regimes  of  dolphin  swimming, 
whose  propulsor  generates  thrust  by  bending- 
oscillatory  movements  of  all  the  body  (points  3-7). 

The  bigger  (longer)  regime  of  accelezatlon  and  the 
larger  body  stress  the  smaller  body  drag.  In  this  case 
all  organism  systems  begin  operating  in  the  work. 

Comparison  of  drag  for  dolphin  and  models  is  on  Fig. 
45:  9  -  laminar,  10  -  transitional  and  7  -  turbulent 
flowing  around  the  rigid  plate;  8  -  drag  of  rigid  body 
of  revolution  in  turbulent  mode;  1  -  dolphin  drag 
predicted  according  to  theory  of  flapping  propulsor;  2 

-  dolphin  drag  at  active  braking;  3  -  dolphin  drag 
(L=2.2m)  when  moving  on  inertia;  4  -  numerical 
calculation  of  drag  of  equivalent  rigid  body;  5  -  drag 
of  dead  porpoise  when  towing  in  basin  (dolphin 
dimensions  1x0,21x0,25  m);  6  -  drag  of  model 
"Dolphin"  with  profile  of  body  of  revolution  NACA- 
66;  1 1  and  12  -  experiments  by  Kramer  [14,  17,  25]. 

Tests  on  analogs  of  skin  covers  of  dolphins  [7]  are 
represented  on  Fig.  46,  47.  Fig.46  shows 

measurements  of  oscillations  propagation  on  rigid 
surface  (from  the  left)  and  on  two  types  of  elastic 
plates.  Fig.47  describes  measurements  of  drag  of 
elastic  plates. 

Developed  constructions  of  elastic  plates  which  model 
the  skin  covers  of  dolphins  [7]  are  shown  on  Fig.48. 

11.  CONCLUSIONS. 

Adduced  results  of  hydrobionic  investigations  as  an 
example  of  cetaceans  with  consideration  of  main 
hydrobionic  principls  permit  to  confirm  that  there  is  a 
complex  of  adaptations  for  high-speed  marine  animals 
drag  reduction. 

On  the  basis  of  research  carried  out  it  is  possible  to 
conclude  that  a  number  of  means  of  adaptation  has 
been  found  out  which: 

-  function  separately/simultaneously  depending  on 
swimming  mode 

-  interconnect  toward  achieving  higher  results,  in 
particular  for  increase  the  efficiency  and  drag 
reduction 

-  influence  as  active  control  with  feedback  system 

-  have  been  modelled  and  tested  with  different  extent 
of  approximation  to  real  properties. 
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In  rnsture  all  adaptations  are  interconnected.  However 
for  technical  applications  individual  systems 
optimisation  may  be  used.  Peculiarities  of  body  shape 
and  fins  shape,  of  push-motion  complex,  polymer 
injection  system  for  high-speed  fishes  of  kinematics 
motions,  also  regularities  of  unstady  motion  and  body 
oscillations,  peculiarities  of  resonant  mechanisms  and 
so  on  were  consider  in  detail  acording  to  analog  plan. 
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Summary. 

Numerical  results  of  modeling  of  turbulent 
boundary  layers  over  deformable  viscoelastic 
surfaces  are  presented.  A  qualitative  interpretation  of 
friction  drag  reduction  on  a  deformable  surface  is 
given.  Quantitative  characteristics  of  interaction  of  a 
turbulent  boundary  layer  with  the  deformable 
surfece  at  various  magnitudes  of  parameters 
describing  viscoelastic  properties  of  the  material  are 
obtained. 

1.  Introduction. 

During  the  time  after  Kramer’s  publication  [28], 
a  large  number  of  both  experimental  and  theoretic 
works  have  been  performed  to  investigate  a  back 
influence  of  the  sirface  which  is  deformed  by  flow 
pulsations  on  the  structure  of  laminar  or  turbulent 
boundary  layer.  As  a  rule,  first  experiments  [1,28] 
investigated  how  the  integral  characteristics  of 
bodies  with  polymer  coatings  differ  from  those  on 
rigid  bodies  of  the  same  shape.  Friction  drag 
reduction  was  attributed  to  delaying  transition  from 
laminar  boundary  layer  to  turbulent  one. 

First  theoretic  works  of  Benjamin  [13],  Landahl 
[29],  Nonweiler  [35],  Korotkin  [9]  was  also  devoted 
to  the  laminar  boundary  layer  stability  on  a 
deforming  surface.  But  these  results  stated  new 
questions  rather  then  asked  the  question  what  is 
possible  interaction  mechanism  of  the  deforming 
surface  with  flow  disturbances.  It  was  shown  there, 
that  delaying  transition  is  possible  on  a  deforming 
surface,  but  the  coating  parameters  were  not  in 
accordance  completely  with  the  Kramer's  coating 
ideology.  At  the  same  time,  the  experiments  of 
Kozlov,  Babenko  [7]  on  the  laminar  boundary  layer 
transition  on  viscoelastic  coating  verifiol  the 
transition  point  displacement  towards  high  Reynolds 
numbers  and,  that  is  the  most  important,  showed  that 
the  disturbance  amplitude  enlarging  rate  decreases 
as  compared  with  that  for  laminar  boundary  layer 
on  rigid  smooth  siuface.  But  even  qualitative 
confirmation  of  some  insignificant  delaying  of 
transition  could  not  explain  quantitative  fiiction  drag 
reduction  at  high  Reynolds  numbers. 

The  experiments  of  Blick  [14],  Lissaman  [33], 
Hansen  &  Hunston  [24],  Babenko  [2],  Semenov[ll] 
investigated  the  intemd  structure  of  the  turbulent 
boundary  layer  together  \yith  friction  drag. 
Longitudinal  velocity  U  profiles  and  the  Reynolds 

stress -uv,u^  were  measured  in  different  section  of 


the  boundary  layer  on  a  compliant  surface.  Blick 

[14] ,  Lissaman  [33],  Babenko  [2],  Semenov  [11] 
reported  friction  drag  coefBcient  reduction  that 
correlates  with  turbulent  pulsation  intensity 
reduction  and  viscous  sublayer  thickening. 
Logarithmic  velocity  profiles  for  streamlining  over 
different  surfaces  have  the  same  slope  in  the 
"logarithmic  region"  that  means  the  Karman's 
constant  k  is  the  same  for  different  boundary  layers. 
There  was  not  detect  any  noticeable  change  of 
turbulence  anisotropy  in  the  near-wall  region  of  the 
boundary  layer.  Some  anomalous  behavior  of 

u,,  -uv,u^  obtained  by  BUck  was  corrected  by 
T.isRaman  But  these  articles  did  not  contain  any 
information  about  the  deforming  surface  behavior 
during  interaction  with  flow,  and  therefore  the 
conclusions  could  not  contain  any  recorrunendations 
how  to  choose  the  coating  material  a  priori,  except 
those  parameters  which  was  suggested  by  Kramer. 

Fi^er,  both  the  turbulent  flow  characteristics 
and  spatial  and  temporal  quantitative  characteristics 
of  the  streamlined  surface  displacement  amplitudes 
were  studied  by  Bushnel  &  Heftier  &  Ash  (BHA) 

[15] ,  Gad-el-Ilic  [22,23],  Lee  &  Fisher  &  Schwarz 
(LFS)  [32].  The  coating  material  was  chosen  based 
on  theoretic  evaluation  of  the  coating  reaction  to 
fluctuate  load  which  are  equivalent  to  those  referred 
by  Duncan  [19]  and  Buckingham  &  Hall  &  Chun 

[16] .  In  the  USSR,  analogic  evaluations  were  done 
independently  by  Voropaev  [3]. 

It  must  be  noted,  that  the  BHA's  and  Gad-el- 
Hak's  conclusions  differ  essentially  from  LFS's 
conclusions.  Gad-el-Hak  proceeding  from  his 
researches  supported  the  hypothesis  suggested  by 
Bushnel.  The  essence  is  that  the  coating  is  capable  to 
friction  drag  reduction,  if  short  running  waves  of 
large  amplitude  appear  on  its  surface,  i.e.  kinematic 
interaction  of  the  boundary  layer  disturbances  with 
the  deforming  surface  takes  place.  It  is  only  possible 
for  low-dissipate  coating  material  at  shear  modulus 
G<p,U^ ,  where  ps  is  the  material  density,  Uo  is  the 
flow  speed,  i.e.  for  such  the  coating  parameters  at 
which  inherent  oscillations  of  the  coating  will  show 
themselves. 

LFS  obtained  friction  drag  reduction  at  G>p,U^ 
and  small  (much  more  less  than  the  viscous  sublayer 
thickness)  amplitudes  of  the  surface  oscillation,  that 
means  absorbing  nature  of  the  interaction 
mechanism. 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water”, 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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Last  10-15  years,  the  boundary  layer  stability  and 
initial  stage  of  the  disturbance  evolution  in  laminar 
boundary  layer  at  varied  boundary  conditions  were 
analyzed  by  Carpenter  [18,19],  Kirejko  [6],  Yeo 
[40,41],  Thomas  [38]  using  both  linear  and  quasi- 
linear  treatment. 

Theoretic  evaluations  of  a  possible  dissipative 
mechanism  of  interaction  of  a  turbulent  boundary 
layer  with  the  absorbing  coating  at  G>p,U^  is 


suggested  in  [8],  based  on  the  k-s  model  for  the 
turbulent  botmdary  layer  and  a  flow  boimdary 
conditions  at  the  partition  boundary  of  mediums. 

2.  Theoretic  model 

Usually  when  a  turbulent  boundary  layer 
characteristics  are  studied,  they  are  separated  rather 
relatively  in  mean  and  fluctuate  ones.  The 
investigations  of  these  both  characteristics  are 
conducted  by  means  of  direct  physical 
measurements,  as  well  as  simulation  of  such  flows 
on  basis  of  elaboration  and  solution  of  closed 
systems  of  equations  and  boundary  conditions. 

Determination  of  dependencies  of  turbulent 
characteristics  on  dimensionless  flow  parameters 
(Re,  Fr,  Pr,Gr),  as  well  as  a  type  and  quality  of  the 
streamlined  surface  permits  to  systematize 
experimental  data  and  formulate  laws  of  these 
characteristics  or  their  combinations  variations,  that 
provide  a  possibility  to  plan  new  experiments. 

This  process  is  often  called  munerical 
experiment.  If  the  model  describes  adequately  a 
tuAulent  flow  in  varying  conditions,  then  results  of 
the  numerical  experiment  often  compete  with  those 
of  expensive  direct  physical  experiment 

The  problem  of  interaction  of  a  turbulent  flow 
with  the  deformable  surface  of  viscous-elastic 
medium  includes  the  system  of  differential  eqirations 
for  parameters  describing  movement  of  fluid  and 
oscillations  of  viscous-elastic  medium  under  action 
of  disturbances  in  the  flow  over  some  undisturbed 
surface,  as  well  as  boundary  conditions  for 
displacements  or  velocities  and  forces  on  partition 
boundary  of  two  mediums. 

2.1.  To  describe  a  movement  of  viscous, 
homogeneous  and  incompressible  liquid,  the 
following  equations  are  used; 

— +(U-grad)U  = grad  P-v-rot-rot  U; 

5t  p 

div  U  =  0, 


and  for  viscoelastic  medium; 


where  L(^)  is  a  generalized  viscoelastic  operator. 

Though  it  is  impossible  to  solve  this  classical 
system  of  equations  at  large  Re  numbers  exceeding 


some  threshold  Re  values,  even  at  a  simplest 
boundary  conditions. 

Therefore  it  is  necessary  to  design  a  model  of 
turbulence,  i.e.  a  system  of  equations  describing 
adequately  turbulent  flows  at  fixed  sets  of 
parameters  characterizing  such  flows. 

Nowadays  the  Reynolds  stress  transfer  model 
named  after  the  Launder-Reece-Rodi  model  [30]  is 
the  most  informative  turbulence  model.  It  permits  to 
obtain  as  mean  velocity  profile  as  the  Reynolds  stress 
components,  and  to  conclude  about  energy  balance 
components  at  each  points  of  flow,  as  well. 
Application  of  this  model  to  the  boundary-layer 
problems  has  required  to  introduce  the  nearwall 
functions  and  to  modify  the  model  equation  for 
dissipation  velocity,  that  permits  the  no-slip 
condition  for  the  Reynolds  stress  to  be  satisfied. 

In  a  boundary-layer  approach,  the  model  system 
of  equations  is  the  following  [5,39]; 
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where  P^  are  components  of  production  tensor,  ITij 
are  components  of  energy  redistribution  tensor; 
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P„  =-2u - 2uv  — «-2uv 
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where  7t'-, ,  n[.^  are  the  additional  redistribution 

tensors  [30]  appeared  owing  to  the  wall  influence 
and  satisfying  the  condition: 


The  wall  influence  function  has  been  written  as: 
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The  nearwall  functions  fy,  fl,  f2  are: 
f„  =[l-exp(-a,,R,)]^l+|^; 


f, -l  +  0.8e-“';  f2  =l-0.2e-’'^ 

j^2 

where  R,  = — R,  =  — ,  A„  a.  are  the 
V  vs 

model  constants. 

The  kinematic  coefficient  of  turbulent  diSusion  is 
assumed  to  be  equal  to:  =  C.v'^k/s;  (C,  =  0.12 
and  in  the  equation  for  dissipation  velocity 
C,  =0.15). 

The  dissipation  velocity  tensor  is  [31]: 


UjUj  1 

E::  =f - Pe -i-(l-f,)-5j,E, 

ij  s  2jj  '  3 

where  fj  =  l/(l+0.06R,). 

Assuming  the  turbulent  flow  to  be  homogeneous 
statistically  over  a  deforming  surface  (  without 
resonance  effects  of  eigen  frequencies  of  the  surface) 
the  application  of  Reynolds's  averaging  to  the 
problem  of  streamlining  over  a  deforming  surface 
results  in  the  analogical  system  of  equations  with  the 
boundary  conditions  for  Reynolds  stresses  and 
turbulent  diffiision  components  on  the  deforming 
surface: 

and  usual  conditions  of  undisturbed  flow  far  from  the 
surface. 


2.2.  Movement  of  incompressible  viscoelastic 
medium  movement  can  be  described  by  the  system 
of  linearized  equations  of  motion: 

d\ 

=  (3) 

with  the  dynamic  boundary  conditions  imposed  at 
undisturbed  partition  boundary  of  two  mediums: 


where  p’,  t  are  pressure  and  shear  stress 
fluctuations  on  the  surface. 

For  isotropic  incompressible  viscoelastic 
mediums,  the  shear  modulus  is  determined  by  the 
decay  function  which  may  be  simulated  by  the 
exponential  function: 

p(t)  =  ]^Pj 

j=0 

In  a  case  of  harmonic  load,  it  is  possible  to 
obtain  a  frequency  dependence  for  the  shear 
modulus: 


P(®)  =  Pr{®)+i^i(®) 


=  Po+Sllj 


j=l 


COT, 


1  +  (c0tJ  l-)-((OTj) 


Assuming  the  volume  modulus  K  to  be  independent 
on  time  (K=A,+2/3p,),  we  can  also  obtain  an 
expression  for  X((o). 

Thus  we  can  use  a  convinced  expression  for  stress 


<3..  =M®)e8ij+2p(co)E 


where  0  =  e„,  s..  =  — 
“  "  2 


5x,  5x, 


Eigen  values  analysis  of  viscoelastic  coating  [8] 
permits  to  select  such  range  of  phase  velocities  of  ffie 
load  at  which  the  eigen  frequencies  do  not  show 
itself  and  the  coating  response  to  the  boundary  layer 
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disturbances  is  homogeneous  in  whole  range  of 
frequencies.  Proceeding  from  this  conditions,  the 
principle  of  nonresonance  interaction  of  a  boundary 
layer  and  a  viscoelastic  coating  has  been  formulated. 
Ctace  we  determined  the  amplitudes  of  surface 
displacement  and  dissipation  velocity  inside  of 
coating  at  a  unit  load,  it  is  possible  to  define 
boundary  conditions  for  characteristics  of  the 
nearwall  turbulence  at  arbitrary  Reynolds  number. 

In  absence  of  resonance  (Uq  <.Jfio/p),  the 


averaging  by  the  all  wave  mtmbers  per  unit  time 
does  not  cause  any  problems  and  it  is  possible  to 
obtain  linearized  values  of  Reynolds  stress  carried  to 
the  undisturbed  surface; 

=-^®!|^2l|?i|cOS(‘p2  -9l); 


+2— |^.l|^,|sin((p,  -(P.)+-^|^, 
to  '  CO  ' 


<  =|®!l^2r; 

u'=^®'|§,rtan"0, 

where  to  ^  ;  U'  =  — ;  6  =  arctan  ,  and 


the  amplitude  of  the  surface  displacement  is 
determiW  using  the  ■  calculated  values  of  the 
function  Pi(co)  (normalized  amplitudes  at  the  unit 
load)  and  the  pressure  fluctuation  intensity  at  the 
coating  sur&ce: 

^,=Hp,((o)^  =  Hp 


.(CO)— R— u. 


where  H  is  the  coating  thickness,  u.  is  dynamic 
velocity. 

Then 

(C,,+u.Re.C,,)^u:; 

(4) 

U3=^(j)  C^iU^tan^Q; 

-U,U2  =0, 

where  C^i  =K  Pi(co)^^,  Re.  =— ;  K  is 
IH  v 

Kraichnan's  parameter,  8  is  local  boundary  layer 
thickness. 

Taking  into  account  that  we  dealt  with  one-mode 
approach  the  stresses  are  determined  by  energy¬ 
carrying  frequency  (d,  =  Uo/6,  dynamic  frequency 

of  flow  (0 1  =  u^  /  V  ,the  amplitudes  §1,2  and  do  not 
depend  practically  on  phase  shift  between  them 
because  (p2-(pi«7t/2  for  isotropic  materials  of 


viscoelastic  layer.  Therefore  regularly  oscillating 
surface  does  not  generate  the  Reynolds  shear  stresses 
on  the  surface,  i.e.  -UjU^  =0,  or  generated  shear 
stresses  became  to  be  negative  under  oscillations 
decaying  in  time. 

Thus,  assuming  the  surface  oscillations  to  be 
regular  we  qualify  a  possible  friction  drag  reduction. 
Zero  values  of  the  shear  stresses  permit  to  assume 
that  the  turbulent  viscosity  coefficient  in  the 
nearwall  layer  is  the  same  on  a  deforming  surface  in 
comparison  with  a  rigid  smooth  one. 

While  oscillating,  the  viscoelastic  coating  absorbs 
fluctuate  energy  of  the  flow,  where  dissipation 
velocity  is  determined  by  diffiisive  flux  of  fluctuate 
energy  through  the  boundary,  that  is  equal  to  the 
Poiting's  vector  p'u2 .  On  the  surface  of  an 
absorbing  layer,  p'Uj  5*0,  while  at  ideal  elastic 


surface  or  rigid  one,  p'u2  =0,  and  consequently ,  the 
coefficient  of  turbulent  diffusion  in  a  turbulent 
boundary  layer  on  the  absorbing  surface  is  not  equal 
to  zero: 

U2P'  ^  1  H  P2(®)PU^ 
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4  “ k  -k  ’ 


where 


Cu=K,C,,y(ffl),  A_=^,  y"=yu./v,  kq  is 

energy  of  oscillating  surface,  and  consequently, 
dissipation  velocity  on  the  boundary  is; 

ofi  Irc'’’  V5n  ■ 

Thus,  boundary  conditions  may  be 
characterized  -by  toee  parameters:  Cki  and  Ck2  are 
responsible  for  additional  generation  of  turbulence 
energy  for  account  of  nonzero  Reynolds  stresses  on 
the  bormdary;  Cks  is  responsible  for  additional  sink 
of  fluctuate  energy  from  turbrrlent  boundary  layer 
into  the  coating.  It  is  more  conveniently  to  use  in 
calculations  the  generated  coefficient 
Cdj  =  CkiH  /5u, ,  which  connects  dynamic  velocity 
of  the  flow  with  generated  stresses. 


3.  Calculation  results. 

The  boundary  problem  (l)-(5)  has  been  solved  by 
finite  difference  technique  on  the  5-dot  template  of 
nonuniform  grid  [10]. 

Calculation  results  for  local  and  integral 
characteristics  of  turbulent  boundary  layer  on  a  rigid 
smooth  surface  are  shown  in  Fig.2,  as  well  as  LFS’s 
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results  at  corresponded  Reynolds  numbers  based  on 
the  momentum  thickness  (+  -  Re,.=897,  •  - 
Re,.=1349,  0  -  Re..=1952,  x  -  Re„=2347).  Integral 
drag  coefficient  calculated  along  the  plate  length  is 
represented  in  Fig.2e  in  comparison  with  two 
empirical  curves  which  approximate  a  great  number 
of  experimental  data  mentioned  in  [32],  All  this 
results  were  obtained  at  the  model  constants  written 
in  the  Fig  2. 

The  results  of  numerical  experiments  for 
streamlining  over  the  plate  at  fixed  Re  number  are 
shown  in  Figs.2-9.  There  were  varied  the  parameter 
Cd2  describing  additional  generation  of  turbulent 
stress  on  account  of  normal  amplitudes  of  the  surface 
oscillations,  and  Cds  describing  intensity  of 
absorption  of  fluctuate  energy.  The  parameters  vary 
in  limits  Cd2~(04-3-10‘^)  and  Cd3~04-1. 

Calculation  results  for  boimdary  layer  thickness, 
displacement  thickness  and  momentum  thickness 
along  the  plate  are  shown  in  Fig.3a,3b.  When 
intensity  increases,  boundary  layer  thickness  grows 
more  fast  on  the  oscillating  surface  and  more  slowly 
on  absorbing  one,  than  that  on  the  rigid  smooth 
surface.  Friction  drag  of  the  plate  increases  on  the 
oscillating  surface  in  comparison  with  that  on  rigid 
smooth  one  by  8  “  /  5  “  - 1  =  0.05 .  Drag  reduction  by 
1 1%  has  been  obtained  on  the  absorbing  surfece  that 
coincides  with  the  results  of  [32]. 

Curves  of  drag  coefficient  variation  along  the 
plates  are  shown  in  Fig.4.  The  friction  drag 
coefficient  increases  at  additional  generation  of 
turbulence  and  decreases  at  absorption  of  turbulence 
energy.  But  when  insignificant  additional 
generation  of  tuibulence  energy  occurs  (Cd2  =  MO'^) 
we  can  only  observe  influence  of  the  oscillating 
surface  on  the  beginning  part  of  the  plate  where  the 
boundary  layer  thickness  is  small  and  viscous 
sublayer  is  thin.  When  the  boundary  layer  thickness 
(viscous  sublayer  thickness)  increases,  the  (fynamic 
roughness  does  bring  a  noticeable  change  in  the 
integral  result.  Further  development  of  the  boundary 
layer  is  similar  to  that  on  rigid  smooth  surface  with 
somewhat  larger  the  boundary  layer  thickness.  We 
can  see  coincided  velocity  profiles  (Fig.5),  profiles  of 
kinetic  energy  of  turbulence  (Fig.6)  and  dissipation 
velocity  (Fig.8)  in  the  section  at  x/L=0.94. 

The  curve  1  on  Fig.5  corresponds  to  the  velocity 
profile  on  the  rigid  smooth  surface,  2  corresponds 
to  Cd2=3-10'^,  3  corresponds  to  Cd3=5/Re8.  At 
Cd2=M0'^,  the  velocity  profile  coincides  with  that 
on  the  rigid  smooth  surface.  Thus,  if  a  memory  effect 
exists  along  the  boundary  layer  thickness,  i.e.  local 
increase  in  friction  on  the  trailing  edge  of  the  plate 
results  in  total  drag  increase  of  the  whole  plate,  than 
the  effect  can  not  be  seen  in  measurements  of  the 
velocity  profile  in  dynamic  variables  on  the 
oscillating  plate  in  sections  close  to  end.  Therefore 


the  velocity  profile  in  dynamic  variables  only  reflects 
local  effects,  practically  do  not  taking  into  account 
previous  history.  The  curve  4  shows  the  local  friction 
drag  reduction,  that  is  accompanied  by  relative 
growth  of  viscous  sublayer.  The  velocity  profile  in  a 
core  of  the  boundary  layer  (70<y^<1000)  lies  in 
parallel  to  the  logarithmic  profile,  that  shows  the 
constant  k  does  not  vary  in  the  boundary  layer  on  a 
damping  surface. 

Energy  grows  somewhat  in  the  viscous  sublayer 
on  oscillating  surface  at  Cd2  =3'10'^  in  comparison 
with  rigid  surface  (Fig.6).  Turbulent  energy 
maximiims  in  the  boundary  layers  coincide 
practically  by  magnitude  and  their  location  relatively 
the  surface.  At  Cd3  =  5/Res ,  turbulent  energy  in  the 
boundary  layer  on  the  absorbing  surface  is  much 
more  less  through  whole  the  boundary  layer 
thickness.  Energy  maximum  on  deforming  surface 
less  by  almost  20%  than  energy  maximum  on  rigid 
smooth  surface  and  displaced  fi'om  the  sur&ce  to 
~y'^w32  while  maximum  k  on  rigid  plate  lies  in  the 
region  of  y^«20. 

Coincident  velocity  profiles  in  sections  close  to 
the  end  of  the  plate  correspond  to  coincident  shear 
stresses  -UjUj  Ivi  on  the  rigid  smooth  sur&ce  and 
oscillating  one  (Fig. 7).  In  the  nearwall  region,  at 
y'^<80,  shear  stresses  are  less  on  the  absorbing 
surface  than  those  on  the  rigid  smooth  surface,  and 
they  reach  maximal  values  more  smoothly.  Far  from 
the  wall,  shear  stresses  in  dynamic  variables 
practically  do  not  depend  on  a  type  of  the 
streamlined  surface. 

The  most  variations  in  turbulence  energy 
dissipation  velocity  appear  in  a  region  of  viscous 
sublayer  (Fig.8).  Dissipation  velocity  tends  to  zero 
on  the  oscillating  surface,  while  it  reaches  absolutely 
maximal  value  in  a  boundary  layer  on  the  absorbing 
surface,  and  in  region  5<y^<20,  it  is  essentially  less 
then  corresponding  values  of  dissipation  velocity  in  a 
boundary  layer  on  the  rigid  smooth  surface.  Thus, 
typical  time  (k/e)  of  turbulent  structures  existence 
near  the  surface  varies.  So,  turbulence  degeneration 
is  more  intensive  on  the  absorbing  surface  than  that 
on  rigid  one,  and  typical  time  in  a  viscous  sublayer 
on  the  oscillating  surface  can  have  a  concrete 
magnitude.  Therefore,  a  viscous  sublayer  can  not 
exist  on  the  oscillating  siuface  in  usual 
understanding,  like  to  that  on  a  rough  surface.  At 
|^|>v/u.,  it  results  in  increase  of  mixing  near  the 
surface.  A  size  of  the  mixing  area  is  proportional  to 
the  root-mean-square  value  of  the  surface  oscillation 
amplitude.  Hypothesis  of  gradient  diffusion  is  not 
applicable  in  this  area.  Bxrt,  at  small  arrqrlitudes 
(|^|«5),  the  integral  scales  do  not  vary  and  the 
inaccuracy  introduced  by  hypothesis  of  gradient 
diffusion  can  only  be  visible  in  the  area  y'^<  2,  where 
it  is  comparable  with  viscous  diflusion. 
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In  addition,  when  the  surface  is  deformed  so  that 
wave  length  is  small  in  comparison  with  the 
boundary  layer  thickness  (a»l),  at  certain  phase 
shift  (p  between  maximum  energy  disturbances  and 
the  surface  displacement,  and  at  certain  phase 
velocity  of  the  surface  travelling  wave  c,  such 
velocity  pulsations  appear  which  provide  negative 
viscous  diffiision  near  the  surface  (Fig.l).  As  a 
result,  the  area  of  maximum  turbulent  stresses  moves 
away  from  the  surface. 


0=16. 

0=12. 


Fig.l. 

The  domains  enclosed  by  the  curves  correspond 
to  such  magnitudes  of  (p  and  c  at  which  the  viscous 
difiiision  is  negative  near  the  surface. 

Experimental  results  are  absent  in  this  field, 
therefore  it  is  impossible  to  confirm  or  disprove  this 
statement. 

An  indirect  confirmation  can  be  given  by 
numerical  solutions  of  the  linearized  Navier-Stokes 
equations  in  approximation  of  Stenberg  on  the 
oscillating  surface. 

Moving  away  from  the  wall,  at  y'^>5,  the 
turbulent  diffiision  coefficient  becomes  to  be  less  on 
the  absorbing  surface,  and  diffusive  flux  of 
turbulence  energy  decreases,  that  leads  to 
deceleration  of  the  boundary  layer  thickness  growth 
and  consequently,  to  friction  drag  reduction. 

For  stable  flows,  as  it  was  noted,  we  can  observe 
practically  unequivocal  connection  between  dynamic 
velocity  and  energy  balance  components  at  changing 
both  Re  number  and  conditions  of  the  flow  (for 
example,  a  flow  of  polymer  solutions).  This  feet 
confirms  universality  of  the  dynamic  velocity  as  a 
scale  parameter,  but  does  not  make  more  clear 
physics  of  energy  balance  formation. 

In  turbulent  boundary  layers  on  a  plate  and  in  a 
pipe,  on  greater  part  of  boundary  layer  thickness  or 
pipe  radius,  the  energy  balance  is  determined  by 
local  equality  of  production  and  dissipation.  In  direct 


vicinity  from  the  smface,  the  turbulence  energy 
dissipation  is  counterbalanced  by  viscous 
diffiision,  .Far  from  the  surface,  the  last  can  be 
neglect.  At  last,  in  the  layer  "of  constant  stress"  and 
on  external  border  of  the  boundary  layer  or  on  axis 
of  the  pipe,  where  all  these  quantities  are  small  in 
comparison  with  their  maximal  values,  turbulent 
diffiision  is  comparable  with  production  and 
dissipation. 

There  always  exists  a  thin  area  of  boundary 
layer,  from  the  surface  to  the  layer  "of  constant 
stress",  which  corresponds  to  such  flows  at  large  Re 
numbers,  where  the  cross  pressure  gradient  is 
small.  This  area  is  of  shares  of  percent  from  the 
whole  boundary  layer  thickness  (O.OOS-sfl.OlS),  and 
it  is  responsible  for  formation  of  maxinial  values  of 

the  Reynolds  stress  (in  the  first  place,  u^ )  and 
dissipation  velocity  e.  Therefore,  very  small 
variation  of  turbulence  energy  in  the  nearwall 
region  can  results  in  a  significant  variation  of 
friction  drag.  Such  variation  of  energy  can  provide 
fluctuate  energy  absorption  by  viscoelastic  coating 
in  nomesonance  area  of  interaction  on  a  wide 
enough  range  of  frequencies. 

All  the  components  of  turbulence  energy 
balance  (production,  diffiision,  dissipation  and 
redistribution  )  are  comparable  by  magnitude  in  a 
region  of  their  maximal  values,  that  requires  an 
appropriate  level  of  simulation.  Fixing  a  certain 
energy  balance  of  total  turbulence  energy,  it  is 
possible  to  analyze  present  structure  of  the  flow  and 
its  integral  characteristics,  but  practically  we  could 
say  nothing  about  a  reason  of  this  state.  It  has 
alrearfy  been  shown  in  the  work  [8],  that  turbulence 
energy  diffusion  coefficient  variation  can  results  in 
energy  balance  with  less  values  of  turbulence  energy 
intensity  and  dissipation  velocity,  and  consequently, 
in  reduction  of  u*. 

This  statement,  giving  explanation  to  the  fact  of 
changed  energy  balance,  describes  only 
schematically  the  mechanism  of  establishment  of 
this  balance  in  terms  of  (k-s)  model,  cormecting  this 
result  with  change  of  turbulent  viscosity  coefficient. 
So,  anisotropy  of  the  Reynolds  stress  tensor 
components  in  the  nearwall  region  of  turbulent  flow 
emphasizes  unequivalent  influence  of  the 
streamlined  surface  on  the  turbulence  energy 
components  and,  consequently,  on  mechanism  of 
redistribution,  as  well. 

Calculations  of  the  turbulence  energy 
components  and  shear  stresses  on  the  deforming  and 
the  absorbing  surfaces  has  shown  that  longitudinal 
component  of  fluctuate  energy  and  turbulence  energy 
dissipation  velocity  are  the  most  varied,  and  it 
occurs  in  the  nearwall  region  only. 

At  the  same  time,  calculation  results  for  terms  of 
the  equation  of  turbulence  energy  conservation  have 
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demonstrated  the  qualitative  difference  of  the 
balance  components  during  streamlining  over 
various  surfaces.  So,  streamlining  an  absorbing 
surface,  there  is  energy  changed  considerably 
production  of  the  longitudinal  component  of  total 
fluctuate  energy,  which  is  equivalent  to  production  of 
total  turbulence  energy  in  whole  at  interaction  of 
disturbances  in  the  flow  with  mean  flow,  because 

direct  production  of  the  components  v^  and 

w^  may  be  neglected  in  a  stable  boundary-layer 
flow.  These  components  receive  energy  on  account 
redistribution  from  component  only. 

Behavior  of  diflitsion  and  turbulence  energy 
dissipation  velocity  varies  qualitatively.  When  the 
fluctuate  energy  absorption  is  Cd3>3/Re8,  then 
maximums  of  these  variables  reaches  the  absorbing 
siuiace,  while  the  maximum  of  production  moves 
away  from  the  sur&ce  (Fig.  10).  Distribution  of  the 
conservation  equation  component  in  a  turbulent 
boundary  layer  on  the  oscillating  nonabsorbing 
surface  repeats  qualitatively  behavior  of 
corresponding  components  on  the  rigid  smooth 
surface,  even  at  large  values  of  the  siuface  oscillation 
amplitude. 

On  basis  of  calculation  results  for  turbulent 
boundary  layer  on  the  absorbing  surface,  we  can  see 
interrelation  of  energy  frequency  ~  Uo/5  [17]  and 
dynamic  frequency  =  uj  /  v  with  coefficient  of 

anisotropy  of  turbulence  q  =  v  V  u^  and  with 
variation  of  friction  drag  coefficient.  So,  at 
the  coefficient  of  anisotropy  q  decreases  in 
comparison  with  boundary  layer  on  rigid  smooth 
plate,  but  friction  drag  grows.  At  <»e<<ab.  the  flow 
anisotropy  rate  remains  the  same  or  grows 
somewhat,  and  friction  drag  changes  proportionally 
to  the  Reynolds  stress  intensity. 

If  to  assume  behavior  of  the  components  of  the 
stress  tensor  near  a  surface  to  be  described  by  the 
following  dependencies; 

u^  «a-yV...; 
v"  wb-y*-t-...; 
w"  «c-y''-i-..., 

then  redistribution  fin  is  equivalent  to  the 
dissipation  velocity  at  y->0  in  the  boundary-layer 
approximation,  i.e.: 
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because  turbulence  energy  production  and  the 
longitudinal  components  of  the  stress  tensor  u^  are 

equal,  and  the  turbulent  diffiision  k  and  u^  are 
equivalent. 

Thus,  1133=2/3  (l-fs)8,  and  consequently  1133  =0 
on  the  rigid  smooth  surface,  because  fs->l  at  y-^. 

On  a  deforming  surface  Ret  tK),  and  consequently 
1133  5^0,  that  can  be  seen  in  calculation  results  (Fig.  9) 
for  redistributions  on  the  oscillating  and  absorbing 
surfaces.  The  redistribution  on  the  absorbing  surfrtce 
changes  essentially:  maximum  of  the  'pressure- 
deformation'  correlation  decreases  considerably  and 
moves  away  from  the  surface,  at  contrary  that  on  the 
oscillating  one. 

In  this  view,  the  question  about  reliability  of  the 
redistribution  description  is  not  trivial,  though  it  is 
not  trivial  in  more  simple  flows  too.  The  work  [37] 
compares  in  detail  three  last  models  for  the 
correlation  'pressure-deformation'  with  results  of 
direct  simulation  of  uniform  shift  on  basis  of 
numerical  solution  of  the  Navier-Stokes  equations. 
These  are  the  models  of  Shih-Lamley(SL),  Fu- 
Launder-Theleridakis  (FLT)  and  Speziale-Sarkar- 
Gatski  (SSG).  The  results  of  simulation  of  all  three 
models  are  admitted  to  be  insufficient  for  relatively 
simple  flow.  Now  there  is  nothing  to  compare  with 
the  calculation  results  shown  in  Fig.9. 

4.Conclu$ions. 

In  a  turbulent  boundary  layer  over  the  absorbing 
surfece  of  the  viscoelastic  coating,  the  turbulence 
anisotropy  and  normal  diffusive  flux  of  the 
turbulence  energy  will  changes,  production  of  the 
normal  component  of  the  Reynolds  tensor  decrease, 
the  turbulence  energy  maximum  decrease  and  move 
away  from  the  surface  and  the  viscous  sublayer 
thicken  against  the  corresponding  characteristics  of 
the  turbulent  boimdary  layer  over  a  rigid  smooth 
surface.  It  will  lead  to  noticeable  (by  10-12%) 
friction  drag  reduction. 
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Cei— 1.41,  Ce2~L9; 

Ci=1.4,  C2^K).8' 

Cl  1=0.3,  C2i=0.4,  C3i=0.046. 


e) 


Fig.2. 
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a)  b) 

Fig.  3.  Dimensional  value  of  a)  the  boundary  layer  thickness  and  b)  displacement  thickness  and 
momentum  thickness  over: 

rigid  smooth  plate  (curves  1); 
elastic  surface  with  Cd2=l*  10'^  (curves!); 
elastic  surface  with  Cd2=3*10'^  (curves  3); 
absorbing  surfece  with  Cd3=5/Re  (curves  4). 


Fig.4.  Friction  drag  coefBcient.  Fig.  5.  Velocity  profiles. 


4-11 


0,0  5.0  10.0  15.0  ,  20.0 

y+ 


Fig.8.  Tuibulence  energy  dissipation  velocity. 
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Fig.9.  The  redistribution  term  of  the  transition 
equation  for  the  longitudinal  component  of  the 
Reynolds  stress  tensor  on  rigid,  elastic  and 
absorbing  surfaces. 


Fig.  10.  Components  of  fluctuate  energy  balance  of  the  turbulent  flow  in  the  pipe:  a)  elastic  surface;  b) 
absorbing  surface  (curves  without  markers  correspond  to  a  rigid  smooth  surface). 
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SUMMARY 

The  article  presents  the  analysis  of  the  nonsteady 
hydroaerodynamic  characteristics  of  the  oscillating  wing 
with  the  infinite  span  performing  the  function  of  the 
propulsor.  The  results  are  received  for  the  non-linear 
theory  b\'  means  of  the  discrete  vortices  method.  The 
comparison  of  data  is  conducted  based  on  the  quasi¬ 
steady  airproach,  linear  and  non-linear  theories.  It  is 
also  noted  that  for  those  modes  of  the  wing  motion 
which  are  able  to  simulate  the  operation  of  the  wing 
irropulsors  of  hydrobionts,  valid  results  can  be  given 
with  the  help  of  the  nonsteady  theory  only. 

THE  LIST  OF  SYMBOLS 

h  wing  chord 

V  oscillations  frequency 

h  voitex  street  width 

/  vortex  street  step 

y  wing's  heave  coordinate 

0  angular  oscillations  amplitude 

d  linear  oscillations  amplitude 

f  ’„  progre.ssive  wing  velocity 

U  *  characteristic  velocity,  IJ „ 

a  angle  of  attack 

p  *  Stiouhal  number,  'iTVvb  /  U  * 

A  I'elative  wing  velocity,  i  /  ap* 

T  oscillations  period 

r  dimensionless  time 

zc  velocity  in  the  nearest  wake 

P  pressure  in  the  nearest  wake 

AP  pressure  differential  on  the  wing 

R  main  vectoi-  of  external  forces 

Cj  thru.st  force  coefficient 

C()  suction  loice  coefficient 

Cy  lift  force  coefficient 

Cv  normal  force  coefficient 

Cyi  leading  edge  moment  coefficient 

pressure  drag  coefficient 
C.Yf  frictional  drag  coefficient 

Qi'  output  |)owei‘ 

C,,-  input  power 

zp  phase  shift  between  Cy  and  y 

ij  efficiency 

ky  reduced  thrust  coefficient,  c,  /  (o’/U) 
k^y  reduced  power  coefficient,  c„ 

ky  reduced  lift  force  coefficient,  c,  /  (n  p) 
Snbscriprs  riiul  siipciscriprs 
k  (|uasi-.steady  theory 

L  linear  theory 

.Averaging  symbol  for  the  iteriod  of  oscillations 


INTRODUCTION 

The  major  part  of  the  theoretical  pajters  in  the 
nonsteady  hydroaerodynamics  of  the  wing-propulsor  are 
fulfilled  on  basis  of  linear  theories.  The  linear  theories 
are  still  traditionally  more  developed  ones.  This  is 
mainly  connected  with  fact  that  the  non-lineai' 
approaches  need  the  clearing  of  gieat  mathematic  and 
computational  difficulties.  In  the  at'ailable  scientific 
literature  there  are  few  papers  specialh'  devoted  to  the 
comparison  of  results  of  the  non-line;ir  and  linear 
theories,  the  analysis  of  the  effects  of  nonstationaritv, 
displaving  in  the  non-linear  statement  of  the  irroblem 
[1,11]; 

The  most  effective  method  for  the  solution  of  the  non¬ 
linear  nonste.ndy  problems  of  the  wing  theory  at  present 
is  the  discrete  vortices  method.]  1,  2.  5].  The  main 
advantage  of  it  consists  in  the  universtil  tipprotieh  to  the 
solution  of  various  inoblems,  in  partieitlar.  the  plane 
and  spatial  ones.  The  author  oi  tin'  prt'.seiu  pajter 
togetht-r  with  his  colleagues  accumulared  ;i  gtxxl  de  :il  of 
experience  while  solving  various  non-linetir  nonsteadv 
problems  on  the  motion  of  oscillating  wing  ;uid  wnng 
systems  using  this  method  as  well  as  tin  ex|xnience  in 
the  carrying  out  of  numerical  and  physical  experiments, 
(see,  e.g.[3-12]).  The  results  of  the  inesent  jiaper  are 
received  on  basis  of  the  following  assumiitions;  the  wing 
with  infinite  span  is  moving  in  the  non-limited  Iluid 
and  irerforms  reciiwocating  or  angular  harmonic 
oscillations  in  a  predetermined  manner,  the  fluid  is 
supposed  to  be  ideal,  incompressible,  and  the  fluid 
stream-vortexfree.  These  assumptions  let  us  reduce  the 
solution  of  the  physical  problem  to  the  non-linear 
initial  boundary  value  problem  for  the  velocity 
jxrtential.  The  main  feature  of  this  problem  consists  in 
the  fact  that  at  every  time  moment  there  is  a  jrart  of 
the  potential  existence  field  boundary  -  the  boundary  of 
the  vortex  sheet  (vortex  wake)  unknown.  The 
inve.stigatioii  of  the  vortex  wake  evolution  Ix'liind  the 
wing  is  one  of  the  most  difficult  issues  ol  the  nonsteady 
theory.  At  present  it  can  be  .solved  wilh  the  sati.sfaetor\' 
degree  of  inecision  for  many  cases  using  the  vortex 
method  and  basing  on  the  conservatioti  feature  of  free 
voitices  circulation. 

COMPARISON  OF  THE  NON-LINEAR  THEORY 
WITH  THE  OTHER  THEORIES 

The  characteristic  i)ro])erty  of  all  apptoaches  btised  on 
linearization  consists  in  the  fart  that  the  vortex  wiUte 
form  is  postulated  in  advance.  There  are  three 
a|)i)roaches  known: 

I.  The  ]X)sition  of  free  vortices  trailing  frotn  the  witig  is 
carried  onto  the  plane  (line)  which  is  ptirtillel  to  the 
velocity  of  the  external  flow.  The  \elocity  of  their 
motion  is  considered  to  be  equal  to  the  velocit\'  of  the 
external  flow  [1.3-15]. 

II.  The  form  of  the  vortex  wake  “follows"  the  tniek  oi' 
the  wing’s  trailing  edge  motion.  In  ctise  of  htirinotiie 
oscillations  the  wake  form  is  also  a  harmonic  function. 
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III,  The  inverted  vortex  street  observed  in  the 
experiment  is  simulated  by  two  vortex  rows.  The 
condition  of  the  stability  //  /  /  =  0,281  is  introduced 
liom  the  classical  Karman  theory. 

Having  restricted  the  values  of  r  to  small  ones,  it  is 
jtossible  to  observe  the  linear  forms  of  the  vortex  sheet. 
However,  when  continuing  the  calculations  until  great 
values  of  time  are  achieved,  we  will  see  the  appearing  of 
disturbances,  their  development  and  creation  of  spiral 
curls.  The  experiments  also  show  that  even  under  small 
disturbances  caused  in  the  flow  by  the  wing  the  wake 
differs  essentially  from  the  Schemes  I  and  II  that  are 
stipulated  by  the  linear  approaches.  And  the  Jiiore  the 
amplitude  and  the  frequency  of  oscillations  are,  the 
more  this  difference  is.  As  to  Scheme  III,  so  it  is 
unsteady  that  is  proven  by  many  authors  in  a 
theoretical  way.  So.  it  is  necessary  to  attract  the  non¬ 
linear  approaches  for  the  description  of  the  real  flows. 

Apart  from  the  linear  approaches  that  make  it  possible 
to  talte  into  account  the  iionsteady  effects,  the  quasi¬ 
steady  approach  is  also  widely  used  in  the  engineering 
a|)plications.  This  approach  is  based  on  the  hypothesis 
of  stntionaiitv  and  gives  the  satisfactory  results  for  the 
pi'ogre.ssive  oscillations  with  the  relative  w'ing  velocities 
>  4  -  Some  inconvenience  of  this  approach,  besides 

iioin  the  restriction  on  is  connected  w'ith  the  fact 

that  it  demands  the  knowledge  of  values  of  steady 
characteristics  of  the  wing  used. 

The  comparative  investigation  of  the  oscillating  wings 
characteristics  based  on  the  aforementioned  apitroaches 
is  a  matter  of  interest.  As  we  are  interested  in  thin 
wings  onh’.  it  is  natural  to  regard  the  projections  of 
steadx'  x'alues  of  lift  force  for  the  plane  plate  in  the 
velocity  coordinates  system  as  the  instantaneous  quasi¬ 
steady  values: 

Cy4.(r)  =  2.;rsin  a(r)cosQ'(r), 

Cti.{t)  =  2;rsin'  a(r). 

For  the  cases  of  the  linear  and  non-linear  theories  the 
thrust  force  was  determined  by  the  inqjection  of  the 

main  vector  of  external  forces  R(t)  onto  the  direction 
ot  the  averaged  w  ing's  motion.  As  in  the  case  given  this 
flirection  is  ));n;tllel  to  the  wing  chord,  so  the  thrust 
force  will  be  determined  fully  by  the  suction  force  and 
the  lift  force  will  be  determined  by  the  normal  force.  : 

(V(r)  =  CQ(r), 

CV(r)  =  Cv(r). 

.^Itart  from  the  thrust  coefficient,  the  second  im))ortant 
characteiistic  of  the  oscillating  wing  that  ])erforms  a 
function  of  a  wing-propulsor,  is  its  efficiency  coefficient. 


w'here  -  is  the  averaged  output  power,  s|)ent  for  the 

ci('ali()n  of  the  ihrust  effort,  C'ly  -  is  the  averaged 
inpul  power  lo  the  wing  during  the  iieriod.  which  can 
he  found  using  the  etjuations: 


—  r"r 

C^v=-^l  Uay(T)Cy(r)rh. 

■*  fip 

For  the  case  of  progressive  wing  oscillations  with  the 
amplitude  a  =  0,05  and  the  frequency  ])  =10  in  the 
Fig.  1  the  values  of  the  angle  of  attack  u,  the  reduced 
thrust  coefficient  ky  and  the  reduced  jiowei'  coefficient 
kyy  for  the  oscillations  period  are  represented.  The 

Curves  1  show  the  quasi-steady  approach  (1);  the 
Circles  2  show  the  linear  theory:  the  Curves  3  sliow  the 
non-linear  theoi'y.  It  can  be  seen  that  for  this  mode  of 
oscillations  the  quasi-steady  approach  is  not  able  to 
reflect  the  real  situation  either  cpialitatively  or 
quantitatively:  the  instantaneous  values  of  and 

differ  both  in  the  amjjlitude  and  in  the  ))hase, 


h 

z 


and  k\y-  '  does  not  have  the  sections  iliat  are 

characteristic  for  the  nonsteady  modes  when  the  jtart  of 
the  i)ower  that  is  given  to  the  fluid  by  the  wing, 
returns  to  the  wing  -  (the  negative  values  of  kyy  ).  The 
simulation  of  the  w'ing  o.scilltitions  on  basis  of  the  linear 
theory  describes  the  bahaviour  of  ky  and  ky  in  a 
qualitatively  correct  way:  however,  although  the 
oscillations  amplitude  is  small,  the  differences  in 
amplitude  and  in  phase  can  already  be  observed  for  the 
reduced  |)ower  coefficient. 

Now,  let’s  clear  it  up  what  is  the  trend  in  the  bahaviour 
of  ky^  ,  ky  and  ij/y  ,  Jj  for  the  vtilues  of  the  rehitive 

wing  velocity  >  1 .  Let’s  examine  the  low  frec|uency 
mofles  of  the  itrogre.ssive  oscillations  utirler  the 
amitlitude  value  a  =  0,5  .  In  the  Fig.  2  C-urve  1 
corresponds  to  the  non-linear  theorx’.  :ind  Cuiwe  2 
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shows  the  quasi-steady  circulation.  It  can  be  seen  that 
under  >  4  the  results  does  not  asymptotically  tend 

to  each  other,  as  it  was  traditionally  stated  in  the 
experimental  papers  using  the  engineer  summarising. 
The  thrust  coefficient  kj^  exceeds  kj  almost  twice 

and  7;^-  =  100%  for  the  whole  range  of  . 


This  fact  is  unusual  at  first  glance  and  can  be  explained 
as  follows.  First,  the  distinction  between  the  approach 
(1)  and  the  traditional  one  consists  in  the  fact  that  the 
approach  ( 1 )  does  not  take  into  account  the  wing 
|)rofile  diag  (  the  sum  of  the  pressure  drag  C^p  and 

the  frictional  drag  C^p ).  that  causes  the  afore 

mentioned  asymjrtotic  trend  within  the  framework  of 
the  traditional  Jipproach. 

Second,  under  the  condition  C^p  =  0  and  C^p  =  0 
all  the  input  |)ower  to  the  wing  will  be  equal  to 

the  output  jrower  C’lj-  because  the  energy  will  not  be 
spent  for  the  vortex's  separation  and  for  the  creation  of 
the  needed  circulation  round  the  wing  as  well  as  for  the 
acceleration  and  the  deceleration  of  the  fluid  added 
masses. 


That  is  why  the  quasi-steady  apinoach  ( 1 )  rorre.s])onds 
to  such  ideal  situation  when  only  the  sieady  Zhukowski 
force  affects  the  wing. 

THE  VORTEX  WAKE  CHARACTERISTICS 

Now  let’s  study  the  vortex  wake  characteristics  behind 
the  o.scillating  wing. 

In  the  Fig.  3  the  comparison  is  given  of  compuiational 
and  experimental  flow  itatterns  in  the  nearesi  wake  that 
are  reduced  to  a  universal  scale.  The  amplitude  of  the 

angular  wing's  oscillations  isd  =  .3.8° ,  Sirouhal  numlier 
p  =9.  Five  consequent  frames  are  shown  during  a 
halfireriod  to  characterise  the  flow  patterns  in 
development.  Near  the  last  top  position  of  the  wing 
(the  top  couple  of  the  frames)  the  vortex  of  the 
maximal  intensity  is  separated,  creating  the  core  of  the 
vortex  blob  that  involves  the  jtart  of  tin*  ambient  fluid 
in  the  rotational  movement.  This  vortex  takes  place  in 
the  top  row  of  the  inverted  vortex  street.  The  similar 
processes  take  place  during  the  creation  of  ihe  vortex  in 
the  low'  row.  A  good  qualitath'e  agieement  characterises 
not  only  the  reliability  of  the  computational  method, 
but  also  the  speciality  of  the  experiment,  during  which 
only  the  field  of  the  intensive  vortex  flow  behiird  the 
wing  w'as  coloured. 

The  cycle  of  investigations  was'  conducted  on  the 
averaged  flow  characteristics  of  the  nettrest  wake  behind 
the  oscillating  wing. 

The  Fig.4  show's  the  profiles  of  the  tiveraged  lengthwise 
velocity  Fy ,  the  root-mean-square  i)ulsation  of  the 

lengthwise  velocity  ,  the  averaged  lateral  velocity 

and  the  averaged  pressure  P  in  the  vertical 

section  at  the  di.stance  of  {1=0.1  from  the  trailing  edge 
of  the  w'ing  for  the  progressive  oscillations  w'ith  the 

amplitude  a  =  0,02  and  the  frequencies  ]>  ■=2n . 
p'  =  "in  .  p"  =  (an . 

The  maximum  Fy  on  the  symmetry  tixis  indicates  the 
existence  of  the  lengthwise  averaged  flow  iir  the  wake 
that  is  created  by  the  w'ing  in  the  process  of 
oscillations.  Two  separating  sections  of  the  vortex  sheer 
with  different  signs  being  centres  of  the  x'oiti'x  core 
concentration  correspond  to  the  j)o.siti(jn  of  the 

maximums  tf,."  The  relative  minimiini  on  the 

axis  is  stijmlated  by  .some  mutual  compenstttion  of  them 
at  the  cost  of  symmetry  of  the  oscillations  law.  Fig.4 
also  show's  that  theie  are  two  averaged  lateral  llow's, 
directed  in  various  sides  from  the  symmetry  axis  of  the 
oscillations.  This  acceleration  of  the  flow,  in  accordance 
with  the  Koshee- Lagrange  integral,  learls  to  the 
averaged  piessure  reduction  at  stmte  tlist.'ince  fiom  the 
trailing  edge  of  the  w'ing  in  the  field  near  the  symmetry 
axis  of  the  oscillations. 

DYNAMIC  HYSTERESIS 

As  the  W'ing  movement  occurs  under  I  he  harmonic  law- 
such  that  doesn’t  depend  from  the  time  and 

depends  from  it,  so  the  expended  |)ower  C’n-  (2)  w'ill 
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coefficient  Cy^  we  receive  the  shift  value  (p  =  90 

with  reference  to  the  oscillations  law.  This  corresponcls 
not  to  the  maximuni  of  the  acceleration  but  to  the 
niaxinunn  of  the  wing's  velocity,  as  the  (luantitv 
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be  deteniiinecl  not  only  by  the  ainirlitucle  vtilues  f/„j. 
and  Cy  .  Init  also  by  the  value  of  the  pha.se  shift 
between  them.  The  phase  shift  can  change  in 
dependence  from  the  oscillations  fretiuency.  The 
influence  of  the  value  of  this  phase  shift  uiwn  the  wing 
efficiency  is  big  enough,  that  is  why  it  is  a  matter  of 
interest  to  investigate  the  limits  of  its  variation  for  the 
cases  of  the  linear  and  the  non-linear  theories. 

For  convenience  we  will  determine  the  shift  <p  between 
the  phases  Cy  and  y  (  the  oscillations  law).  It’s  more 
natural  as  the  pha.se  y  coincides  with  the  wing's 
acceleration  phase  //  .  So.  for  the  quasi-steady  lift  force 


Cy^  is  directly  irroirortional  to  the  velocity  circulation 

around  the  wing  under  conditions  of  the  steady  flow. 
Fig.5  illustrates  the  bahaviour  of  the  reduced  thrust 
coefficient  kj  and  the  reduced  lift  force  coefficient  ky 
for  the  case  of  the  progressive  oscillations  with  the 
amplitude  a  =  0,2  and  the  frequency  p  ='ln .  Curve 
1  serves  for  the  linear  theory  and  Curve  2  shows  the 
non-linear  one.  It  can  be  seen  that  ky  has  the  bigger 
shift  value  Ar  than  kj  v\'ith  reference  to 

<p  -  90”,such  that  this  shift  is  more  in  case  of  the  non- 
lineai'  theory.  The  bahaviour  of  the  shift 
q)  =  p  Ar  /  T  in  degrees  (  between  ky  and  )'  )  in 
de))eiidence  from  the-  amirlitiide  a  unriei  the  freipienc.v 
p  =222  and  in  dependence  from  the  frefjuency  p 
under  the  amirlitude  a  =  0,2  is  shown  in  the  Fig.6. 
The  linear  theory  is  marked  with  figure  1,  anti  the  non¬ 
linear  one  is  marked  with  figure  2.  li  can  be  seen  tluit 

before  values  p  =  1,5  this  shift  is  the  same  for  both 

approaches,  however,  under  p  >1,5  the  higher  values 
of  (p  are  observed  for  the  non-linear  case  than  for  the 
linear  one.  The  fact  of  indeix‘ndeiice  of  shift  value  from 
the  anqrlitude  for  the  case  of  the  linear  theorx’  and  the 
de])endence  of  thejii  in  rase  of  the  non-linear  theory 

causes  the  divergence  of  the  values  i]{p' )  for  various 

amplitudes  represented  in  the  Fig.ll.  'fogether  with  the 
increase  of  the  external  disturbing  ireriodic.il  factor  the 
time  lag  increa.se  of  the  phase  of  one  characteristic  with 
referetice  to  some  other  independent  one  occuis.  This 
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the  \\  ing  movement  track  and  vice  versa,  the  reduction 
of  it  corresponds  to  the  deceleration  mode.  During  this 
process  the  intensive  overflow  of  the  flow  through  the 
leading  edge  of  the  wing  is  formed  near  the  end  of  the 
acceleration  track  section.  The  phase  of  the  deceleration 
following  after  this  process  leads  to  the  short-term 
increase  of  the  velocity  of  this  overflow’  relative  to  the 
wing.  In  future  the  wing  will  ])ass  the  same  angles  of 
attack  in  the  reverse  order  in  the  conditions  of  the 
circulation  having  been  generated  round  the  leading 
edge  that  finally  causes  the  occurence  of  the  suction 
force  dynamic  hysteresis. 

In  the  similar  way  the  inertial  influence  of  the  added 
mass  of  the  fluid  causes  the  correction  of  the  jtressure 
differential  AP  on  the  wing  that  is  nonsymmetric  in 
sign.  In  ils  turn  it  causes  the  dynamic  hysteresis  of 
other  hydrodynamic  coefficients. 

THE  INFLUENCE  OF  FORCES  OF  VARIOUS 
NATURE 

Let's  examine  the  contribution  of  the  Ibices  of  various 
nature  acting  on  the  oscillating  W'ing  :  the  inertial 
forces,  the  forces  of  the  circulatory  and  vortical  nature. 
The  circulatory  component  is  the  quasi-steady  analog  of 
Zhukowski  force  and  is  determined  by  the  current 
value  of  the  circulation  along  the  contour  near  the 
wing,  (without  taking  into  account  the  separated 
vortices)  and  b\’  the  relative  undisturbed  velocitt’.  The 
inertial  component  is  the  nonsteady  component 
dejjendent  from  the  current  added  mass  of  the  w'ing 
that  is  deteiinined  by  the  velocity  of  change  of  the 
circulation  along  the  liquid  contour  encompassing  the 
separated  voitex  street.  The  vortical  comitonent  is 
determined  liy  the  cunent  value  and  distribution  of  the 
vortices  round  the  wing  [10]. 

Let's  consider  first  the  rase  of  the  rotational  oscillations 
with  the  frequency  p  =9  and  the  angular  amplitude 

9  =  .'3.8*'  round  the  leading  edge  of  the  wing.  We  can 
note  that  the  wake  form  for  such  small  amplitude  has 
a  slight  distinction  from  the  wake  form  in  case  of 
progressive  oscillations  with  the  linear  amplitude  a, 
being  equal  to  the  linear  vertical  travel  of  the  wing's 
trailing  edge. 

Foi'  this  case  Fig.8a  and  Fig.Sb  show  the  contribution 
of  each  component  into  the  thrust  force  and  the  lift 
lorce  oi  ihe  oscillating  wing.  The  continuous  curve 
numbered  I  corresponds  in  all  pictures  to  the  summary 
thrust  force  coefficient.  (Fig.  8a),  and  the  lift  force  one 
(Fig.8b). 

It  can  be  observed  that  for  this  case  the  main 
contribution  in  Cj-  and  Cy  is  made  by  the  force  of 
inertial  nature;  the  vortical  one  is  near  zero  during  the 
whole  cycle  of  oscillations  and  the  circttlatory  one 
oscillates  with  small  values  of  amplitude  near  zero 
values. 


To  test  the  influence  of  Strouhal  number  p  value 
111X311  the  redistribution  of  the  contribution  of  these 
forces  the  calculations  W'ere  held  represented  in  Fig.  9. 
There  are  the  components  of  the  thrust  force  coefficient 
laid  off  on  the  ordinates  axis  referring  to  the  full  thrust 
force  coefficient  (  /  =  1  means  the  contribution  of  the 
inertial  force,  /  =  2  -  the  contribution  of  the  circulatory 
one,  /  =  3  the  contribution  of  the  vortical  one). 
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Fig.  8 

It  can  be  seen  from  the  figure  that  for  this  case  the 
indicated  redistribution  of  forces  is  valid  in  a  whole  for 

all  values  of  p  .  For  values  of  p  <  4  the  negative 
contribution  of  the  circulatory  component  mere!\’ 
appears  and  is  compensated  wdth  the  increase  of  the 
inertial  component. 

In  the  same  time  it  is  known  that  uiifler  progressive 
oscillations  of  the  thin  wing  the  whole  thrust  force  is 
created  by  the  suction  force  of  the  circulatory  nature. 
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Tlie  iiivestigarion  of  the  contribution  of  all  three 
coiuponents  for  this  oscillations  type  is  also  a  matter  of 
interest. 


Fig.  10  shows  the  results  of  these  calculations  for  the 
case  a  =  0,0.5 ,  /r  =  10 . 


It  can  he  obser\’ed  that  although  the  thrust  force  in  this 
case  is  fulh’  cleterminecl  by  the  force  of  the  circulatory 
iianire,  the  main  contribution  into  the  lift  force  is  still 
made  by  the  inertial  component. 


Fig.  10 

The  results  received  convincingly  jn-ove  the  afore 
mentioned  explanations  of  mechanisms  of  the 
ap))earance  of  the  nonsteady  |)hase  shifts  and  of  the 


dynamic  hysteresis  of  hydroaerodynamic  characteristics 
of  oscillating  wings. 


And  finally,  let’s  study  the  bahaviour  of  the  reduced 
thrust  force  coefficient  and  the  efficiency  dependent 
from  the  amplitude  and  the  frequency  of  oscillations.  As 
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it  was  noted  above,  the  linear  theory  is  not  able  to 
simulate  the  pioress  of  vortex  sheet  deformation. 

The  serond  argument  in  favour  of  necessity  of  the  non¬ 
linear  simulation  is  the  assum|5tion  of  the  linear  theory 
legarding  the  small  values  of  the  angles  of  attack  and 
the  oscillations  amplitudes  does  not  give  the  possibility 
to  correctly  simidate  the  oscillations  with  the  finite 
amplitudes.  This  fact  is  illustrated  in  the  Fig.ll,  12 
where  the  Curves  1  correspond  to  the  linear  theory  and 
the  other  line  corresponds  to  the  non-linear  theory 
under  amplitude  values  a  =  0,01  (Curves  2),  a  =  0,04 
(Curves  3),  ft  =  0,08  (Curves  4)  (Fig.  11),  and  the 

frequency  ])  =  .5  (Fig.  12).  It  can  be  seen  from  the 
figures  that  the  linear  theory  significantly  highers  the 
values  of  efficienct'  under  big  values  ol  Strouhal 
number  and  finite  amplitudes  of  progressive  oscillations. 

It  can  be  also  seen  that  the  behaviour  of  the  thrust 
force  coefficient  Cj  in  dependence  from  the  amplitude 
ft  deviates  from  the  square  de|)endence,  and  the 
efficiency  deviates  from  the  lineai'  dependence  having 
been  obtained  on  ba.sis  of  the  linear  theory. 

CONCLUSIONS 

The  linear  theories  describe  the  behaviour  of  the  thrust 
coefficient  and  the  efficiency  in  a  qualitatively  correct 
way  only  for  small  values  of  frequency  and  oscillations 
amplitudes.  For  efficiency  the  distinction  from  the  non¬ 
linear  theor>’  can  already  be  observed  under  small 
values  of  amplitude. 

Tile  adequate  description  of  the  vortex  wake  structure 
behind  the  oscillating  wing  by  means  of  the  non-linear 
rheory  and  the  discrete  vortices  method  gives  us  the 
possibility  to  com|)ute  the  propulsive  characteristics 
more  precisely.  In  particular,  the  investigation  of  such 
phenomenon  as  dynamic  hysteresis  of 
hydroaerodynaraic  characteristics  shows  that  the  results 
of  the  linear  and  the  non-linear  theories  coincide  only 

under  frequency  t’alues  p  <  1.5  . 

On  basis  of  comjtutations  under  the  non-linear  theory  it 
was  Slated  that  the  main  contribution  in  the  thrust 
force  and  in  the  lift  force  of  the  wing-propulsor  for  the 
examined  oscillations  type  is  made  by  the  forces  of 
inertial  nature. 
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SUMMARY 

The  measurements  of  the  thrust  force  of  the  wave¬ 
like  deformable  plate  in  three-dimensional  flow 
were  carried  out  on  specially  constructed  equip>- 
ment.  The  laws  which  were  found  out  by  other 
authors  in  researches  of  water  animals  (fish  and 
dolphins)  were  reviewed.  The  vortical  model 
of  the  wave-like  deformable  plate  reflects  three- 
dimensional  flow  space.  This  model  was  used  to 
calculate  the  hydrodynamic  forces  and  coefficients 
of  the  wave-like  deformable  plate  (the  mechanical 
model  of  wave  propulsion).  Our  measurements,  cal¬ 
culations,  comparisons  with  ideal  hydraulic  propul¬ 
sion  have  shown  the  distinctive  features  of  the 
wave-like  deformable  plate  eis  it  creates  the  thrust 
force. 

The  distinctive  features  of  boundary  layer  forma¬ 
tion  on  the  wave-like  deformable  body  are  also  con¬ 
sidered.  There  is  a  boundary  layer  control  system 
in  nature  with  running  waves.  Concepts  similar  to 
Prandtl’s  about  boundary  layer  control  by  means 
of  the  moving  surface  of  the  body  has  existed  in 
nature  for  centuries. 

1.  INTRODUCTION 

The  results  of  research  ,  of  a  wave-like  deformable 
plate  in  three-dimensional  flow  are  discussed. 

Our  experiments  were  carried  out  in  the  flume  of 
the  Institute  of  Hydromechanics,  the  Ukrainian  Na¬ 
tional  Academy  of  Sciences.  Actually  the  wave 
plate  is  a  mechanical  model  of  wave  propulsion  hav¬ 
ing  prescribed  kinematic  parameters.  The  range  of 
these  parameters  was  wider  in  comparison  with  the 
range  for  water  animals. 

The  data  for  water  animal  kinematics  for  compar¬ 
isons  and  calculations  were  taken  from  earlier  re¬ 
ports  of  the  Institute  of  Hydromechanics. 

2.  GEOMETRICAL  AND  KINEMATIC 
PARAMETERS  OF  THE  WAVE  PLATE 

The  plate  was  made  from  2  mm  thick  rubber.  It 
was  aligned  horizontally  and  had  streamwise  length 
L  =  400  mm  and  the  width  across  the  flow  H  = 


100  mm.  Hence  its  aspect  ratio  was  small,  0.25. 

The  coordinate  system  oxyz  connected  with  the 
plate  moves  uniformly  and  with  the  velocity  V  rel¬ 
ative  to  the  stationary  fluid.  Figure  2.  The  running 
wave 

y  =  A{x)sin{Ljt  +  I3x  +  ipo)  (1) 

propagates  along  the  plate  in  the  direction  from  the 
leading  edge  to  the  trailing  adge  with  the  constant 
relative  velocity  C  =  Xf. 

Here,  A(i;)  is  the  amplitude  function,  cj  =  27r/  is 
the  circular  frequency,  ^  is  the  wave  number, 
A  is  the  wavelength,  f  is  the  frequency,  (po  is  the 
phase  angle. 

The  wave  was  generated  the  following  way.  Seven 
links  were  fixed  to  the  plate,  Figure  1.  They  pro¬ 
duced  phase-shifted  sine  oscillations  so  that  the 
running  wave  was  created. 

It  is  possible  to  imagine  the  running  wave  as  fol¬ 
lows.  We  take  a  rigid  ’’infinite”  sinusoid  enclosed 
in  a  piece  of  a  flexible  sleeve.  This  sleeve  plays  the 
role  of  the  fish  body.  When  the  sinusoid  is  moved 
inside  the  sleeve,  all  elements  of  the  sleeve  are  sub¬ 
jected  to  transverse  oscillations.  The  sleeve  repre¬ 
sents  a  transversely  deformable  body  according  to 
the  wave  propagation.  The  velocity  of  the  sinusoid 
inside  the  sleeve  is  the  wave  velocity,  C.  The  body 
begins  its  motion  opposite  to  the  direction  of  the 
running  wave  with  velocity  V,  and  always  V  <  C. 

The  thrust  force  of  the  plate  was  measured  exper¬ 
imentally  for  successively  modified  parameters:  1) 
the  velocity  of  uniform  and  rectilinear  motion  of 
neutral  axis  of  the  wave-like  deformable  plate  V, 
in  our  experiments  (in  inverted  motion)  this  is  the 
velocity  of  water  in  the  flume  V*  =  —V,  which  was 
U*  =  0  and  V*  w  0.33  —  1.2m/s  (the  asterisk  is 
for  inverted  flow  everywhere  in  this  paper) ;  2  )  the 
oscillation  frequency  f  fa  1.5  —  4Hz-,  3  )  the  num¬ 
ber  of  waves  that  are  on  the  length  of  the  plate 
L/X  =  0.25,  0.5,  0.75,  1;  4)  the  amplitude  function 
A{x)  of  seven  types:  the  constant  oscillation  ampli¬ 
tudes  along  the  plate  and  the  amplitudes  increasing 
by  linear  or  square  law  along  the  plate  toward  the 
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back  edge. 

The  velocity  of  the  running  wave  and  the  velocity 
of  the  neutral  axis  of  the  wave-like  deformable  plate 
were  held  constant  for  each  experiment. 

The  Reynolds  numbers  Rl  —  VL/u,  where  u  is 
the  kinematic  viscosity  of  fluid,  and  the  Strouhal 
number  5z,  =  fL/V  were  changed  respectively  in 
limits  from  1.25  to  4.6  x  10®  and  from  0.6  to  6.  The 
ratio  of  velocities  C/V  =  Sx  was  limited  from  0.64 
to  21. 

3.  PROPULSION  REGIME  OF  THE 
WAVE  PLATE 

3.1.  Thrust  Force  and  Effect  of  Non- 
Stationarity 

The  experimental  researches  have  shown  the  fol¬ 
lowing. 

—  Vhen  V  <  C  and  in  opposite  directions  is  the 
necessary  condition  for  the  creation  of  propulsion 
force  (thrust).  This  occurs  in  nature. 

—  The  thrust  force  decreases  when  the  velocity  of 
the  uniform  motion  of  the  neutral  axis  of  the  wave¬ 
like  deformable  plate  V  (in  our  experiments  the 
velocity  of  water  in  the  flume)  increases. 

—  The  thrust  force  at  V  =  0  is  proportional  to 
square  of  the  oscillation  frequency  . 

—  The  thrust  force  for  the  constant  oscillation  am¬ 
plitude  along  the  plate  and  V  =  0  is  approximately 
proportional  to  square  of  amplitude  of  oscillations. 

—  The  law  of  change  of  oscillation  amplitude  along 
the  plate  has  decisive  significance.  It  is  possible 
to  obtain  considerably  larger  values  of  the  thrust 
force  if  the  oscillation  amplitude  is  increased  in  the 
direction  from  the  forward  edge  of  plate  to  back 
one. 

—  The  nature  of  dependence  of  the  thrust  force 
from  the  wavelength  and  from  the  running  wave 
velocity  is  more  complicated.  With  increase  of 
Strouhal  number  fL/V  the  transition  from  the 
greater  wavelength  to  the  smaller  one  is  desirable. 

The  results  agreed  with  the  kinematic  data  of  the 
water  animals  as  well  as  with  results  of  the  wave¬ 
like  deformable  body  researches  of  other  authors. 
Earlier  the  particular  case  of  the  wave-lake  de¬ 
formable  plate  in  two-dimensional  flow  was  inves¬ 
tigated  experimentally  [1]. 

It  is  necessary  to  draw  attention  to  the  regimes 
of  plate  deformations  on  which  the  thrust  of  the 
plate  is  equal  zero.  These  regimes  are  analogous 
to  those  of  fish  motion  as  the  thrust  force  created 
by  the  wave-like  deformable  body  is  equal  on  value 
and  is  directed  oppositly  to  the  resistance  force  of 
the  wave-like  deformable  body.  For  these  regimes 
Strouhal  numbers  calculated  with  the  wavelength 
Sx  =  f\/V  —  C/V  were  within  the  limits  1.18 
to  1.44.  For  fish  and  dolphins  Strouhal  numbers 
Sx  =  f^/V  =  C/V  range  from  1.05  to  1.59  in  ex¬ 


periments  done  earlier  by  other  authors  in  the  wa¬ 
ter  tunnel  of  the  Institute  of  Hydromechanics.  The 
range  of  Strouhal  numbers  for  our  plate  is  within 
the  range  of  Strouhal  numbers  for  water  animals. 
So  there  is  identity  of  the  conditions  for  formation 
of  the  hydrodynamic  forces  on  the  wave-like  de¬ 
formable  plate  and  for  active  motion  of  water  an¬ 
imals.  And  also  this  fact  shows  the  reliability  of 
data  obtaind  in  experiments  with  the  plate  and  in 
experiments  with  the  subjects. 

The  mechanism  of  thrust  force  creation  by  the 
wave-like  deformable  body  is  a  naturel  phe¬ 
nomenon.  Let  us  compare  the  wave-like  deformable 
plate,  the  mechanical  model  of  the  wave  propulsion, 
with  other  types  of  propulsion  created  by  man. 

The  parts  of  the  wave  1,  2,  3,  4,  5  in  Figure  2a  lo¬ 
cated  within  the  extreme  points  of  the  sinusoid  act 
similarly  to  an  oar  blade  or  the  paddle  of  a  water 
wheel.  They  push  the  fluid  in  the  opposite  direc¬ 
tion  of  the  body  motion.  They  are  the  working 
elements  of  the  wave  propulsion.  The  fluid  that  is 
pushed  by  the  running  wave  carries  with  it  the  def¬ 
inite  momentum  of  the  fluid.  By  the  law  of  conser¬ 
vation  of  the  momentum  the  opposite  momentum 
is  obtained  by  the  deformable  body.  Thus,  the  part 
of  the  energy  that  was  spent  on  creation  of  the  run¬ 
ning  wave  was  transformed  into  work  of  the  thrust 
force. 

Let  us  show  that  the  conditions  of  creation  of  the 
thrust  are  V  <C  and  in  opposite  directions.  When 
a  body  moves  in  fluid,  the  direction  of  the  resis¬ 
tance  force  coincides  with  the  direction  of  the  flow 
velocity  in  inverted  motion.  It  is  clear  from  Fig¬ 
ure  2a  that  in  the  case  V  <  C  and  in  the  oppo¬ 
site  direction  the  flow  velocity  in  inverted  motion 
U*  =  —{C  —  V)  and  the  velocity  of  the  uniform 
rectilinear  motion  of  the  neutral  axis  of  the  wave¬ 
like  deformable  body  V  have  identical  directions. 
Thus,  the  thrust  that  is  necessary  for  motion  of 
the  wave-like  deformable  body  with  the  velocity  V 
is  due  to  the  resistance  force  to  motion  in  water  of 
the  sinusoid  moving  on  the  body  with  velocity  C. 
The  incliiiation  of  the  axis  of  the  deformable  body 
of  the  water  animals  to  the  neutral  axis  of  the  wave 
is  equal  to  40  degrees  on  the  average.  Such  a  body 
is  a  badly  streamlined  one  .  The  main  contribution 
to  its  resistance  is  the  form  resistance.  Really  the 
system  of  vortices  is  formed  near  to  the  extreme 
points  of  the  sinusoid  and  the  edges  of  the  plate. 
Figure  2c,  3  .  The  thrust  force  hcis  the  greatest 
value  when  1^=  0  because  then  the  velocity  U*  is 
maximum.  AiV  =  C  and  in  the  opposite  direction 
the  velocity  U*  and  the  thrust  are  equal  to  zero.  If 
the  wave-like  deformations  occur  in  regime  V  >  C, 
the  flow  velocity  U*  and  the  resistance  force  of  the 
sinusoid  are  directed  opposite  to  the  motion  of  the 
plate  and  there  is  no  thrust. 
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Let  us  look  at  the  wave  propulsion  working  ele¬ 
ments  1,  2,  3  at  t  =  to)  Figure  2a,  then  at  ele¬ 
ments  2,  3,  4  at  t  =  to  +  1/2/,  then  at  3,  4,  5  at 
t  zz  to  +  !//•  It  is  visible  that  the  working  elements 
arise  gradually,  move  on  the  plate,  and  gradually 
disappear.  They  exist  during  the  final  time  iiiter- 
val.  At  =  L/C  =  L/\f.  Hence  the  final  interval 
At  depends  on  the  kinematic  and  geometrical  pa¬ 
rameters  of  the  plate.  The  events  are  similar  to 
those  at  a  sudden  start  of  a  body  with  constant 
velocity.  It  is  known  that  at  the  initial  moment 
of  the  body  motion  at  constant  velocity  the  hydro- 
dynamic  forces  considerably  exceed  the  hydrody¬ 
namic  forces  at  stationary  motion  [2,  3].  There¬ 
fore,  if  the  period  At  is  small,  the  hydrodynamic 
forces  should  be  calculated  with  regard  to  non- 
stationarity.  The  non-stationarity  coefficient  k  is 
equal  to  the  ratio  of  non-stationary  (experimental) 
forces  to  quasi-stationary  ones  (calculated  in  ac¬ 
cording  to  the  quasi-stationary  theory)  Texp/Tcaic, 
Figure  4.  Let  us  compare  L/X  in  Figure  4  and 
At  =  L/Xf.  In  Figure  4  L  and  /  are  constant 
for  each  curve.  Therefore,  At  is  only  a  function 
of  A.  So  L/X  is  dimensionless  time  number.  At 
L/X  =  0.25  At  is  one-fourth  at  L/A  =  1.  The  k 
has  the  greatest  value  at  L/X  =  0.25  where  At  has 
the  minimum  value.  The  non-stationarity  coeffi¬ 
cient  approaches  unity  as  At  tends  to  infinity.  The 
experiments  have  shown  that  the  most  influence  on 
the  nonstationarity  coefficient  have;  a)  the  wave 
length,  namely,  the  number  of  the  waves  present 
along  the  plate  length,  b)  the  law  of  change  along 
the  plate  of  the  oscillation  amplitude  A{x).  But 
the  non-stationarity  coefficient  depends  on  the  os¬ 
cillation  frequency  to  a  lesser  degree,  Figure  4.  The 
body  shape  and  the  shape  of  the  lateral  edges  con¬ 
siderably  influence  the  process  of  vortex  formation, 
and  the  research  of  the  effect  of  non-stationarity  is 
considerably  complicated. 

Each  element  of  the  wave-like  deformable  body  (it 
is  ”n”  in  Figure  2)  makes  a  transverse  oscillatory 
motion.  Therefore  the  values  of  instantaneous  flow 
velocity  and  instantaneous  angle  of  attack  of  each 
element  change  continuously.  This  helps  to  jus¬ 
tify  logically  the  vortex  model  of  the  wave-like  de¬ 
formable  plate  [4],  Figure  3.  Usually  the  occurrence 
of  a  vortex  is  considered  as  a  negative  phenomenon. 
However  it  is  a  good  idea  to  increase  the  intensity 
of  the  vortex  in  the  case  of  wave  propulsion.  This 
phenomenon  takes  place  in  nature.  There  are  sharp 
edges  of  the  flippers  of  the  water  animals.  And  ex¬ 
periments  [1]  have  shown  that  the  thin  metal  wave¬ 
like  deformable  plate  with  the  sharp  edges  had 
;  thrust  considerably  larger  than  the  rubber  plate. 

We  have  two  main  paradoxical  conclusions. 

—  The  thrust  force  of  the  wave  propulsion  is  stip¬ 
ulated  by  the  resistance  force  of  the  sinusoid.  So 
the  thrust,  that  is  useful  force,  arises  from  the  re¬ 


sistance  force,  that  is  usually  a  harmful  force. 

—  Hydrodynamic  forces  of  the  wave  propulsion  are 
greater  than  their  calculated  quasi-stationary  val¬ 
ues.  Hence,  it  is  necessary  to  take  into  considera¬ 
tion  the  non-stationary  effect. 

3.2.  Wave  plate  efficiency 
The  calculations  of  the  wave-like  deformable  plate 
in  accordance  with  [  4  ]  were  carried  out.  The 
dependence  of  the  wave-like  deformable  plate  ef¬ 
ficiency  Tf  on  the  thrust  load  coefficient  <tt  = 
2T / pFtV^ ,  where  p  is  fluid  density.  Ft  is  the  hy¬ 
draulic  section  of  the  wave-like  deformable  plate 
that  is  equal  to  the  product  of  width  of  the  plate 
and  the  total  amplitude  of  the  trailing  edge  of  the 
plate.  Figure  5  represents  one  wavelength  on  the 
length  of  the  plate  and  the  linear  change  of  the  os¬ 
cillation  amplitude  along  the  plate.  The  seven  links 
for  setting  of  the  running  wave  had  the  cross  oscil¬ 
lation  amplitudes  A  =  0.01,  0.014,  0.018,  0.022, 
0.026,  0.030,  0.34  m. 

Curve  2  in  Figure  5  for  experimental  values  of  the 
thrust  load  coefficient  shows  that  the  wave-like  de¬ 
formable  plate  for  small  aspect  ratio  has  low  effi¬ 
ciency. 

The  calculations  of  efficiency  for  imaginary  propul¬ 
sion  were  carried  out: 

—  without  friction  forces  (without  internal  losses  in 
the  propulsion)  —  Curve  3; 

—  without  friction  forces  and  inertia  forces  —  Curve 

4; 

—  without  friction  forces,  inertia  forces  and  without 
inductive  velocities  —  Curve  5. 

The  relative  position  of  Curves  2,  3,  4,  5  in  Fig¬ 
ure  5  shows  that  friction  forces  and  inertia  forces 
considerably  reduce  the  efficiency  of  the  wave-like 
deformable  plate.  The  efficiency  decreases,  but  in 
less  degree,  under  the  influence  of  inductive  veloc¬ 
ities. 

Curve  1  for  the  ideal  hydraulic  propulsion  [5]  is  in 
Figure  5.  It  is  calculated  by  the  formula 

=  l  +  Jl  +  ar, 

Here  is  the  thrust  load  coefficient  of  the  ideal 
propulsion. 

The  wave-like  deformable  plate  efficiency.  Curve 
2,  is  far  below  the  ideal  hydraulic  propulsion  ef¬ 
ficiency,  Curve  1. 

There  were  assumptions  about  high  efficiency  of 
wave  propulsion  in  the  literature.  They  were  not 
verified.  It  is  impossible  in  nature  to  realize  the 
rotary  motion  of  parts  of  the  body  relative  to  each 
other,  and  so  much  energy  is  spent  for  overcom¬ 
ing  the  inertia  forces  at  cross  oscillations  of  a  body. 
However  it  should  be  noted  in  relation  to  the  wa¬ 
ter  animal  motor-propulsion  complex  that  its  com¬ 
mon  efficiency  can  be  sufficiently  high.  In  the  first 
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place,  the  same  body  fulfils  functions  of  motor  and 
propulsion.  Secondly,  it  is  not  excluded  that  in 
most  cases  the  water  animals  use  resonance  regimes 
that  are  economical  ones.  It  is  possible  in  the  fu¬ 
ture  designers  offer  the  devices  using  principles  of 
energy  transformation  existing  in  nature.  Then  ap¬ 
plication  of  such  devices  will  be  very  effective. 

4.  FRICTION  FORCES  OF  THE 
WAVE-LIKE  DEFORMABLE  BODY  AT 
PROPULSION  REGIME 

An  idea  of  Prandtl  was  to  reduce  the  velocities  in 
the  boundary  layer  by  means  of  moving  surface  of 
the  body  in  the  flow  direction.  It  is  possible  to 
remove  completely  the  boundary  layer  if  the  surfac 
of  the  body  has  the  velocity  that  is  equal  to  the 
external  flow  velocity. 

We  come  back  to  the  model  used  for  demonstration 
of  the  running  wave.  This  is  a  body  having  the  form 
of  a  sinusoid  in  the  flow.  The  surface  (or  boundary) 
of  this  sinusoid  is  moving  along  the  sinusoid.  Really 
in  each  following  moment  of  time  the  very  same 
element  of  the  plate  takes  the  new  element  of  the 
sinusoid. 

The  theoretical  and  experimental  researches  of 
moving  surfaces  were  undertaken  more  than  once 
including  the  question  of  boundary  layer  control. 
The  parameter  of  the  moving  surface  p  was  intro¬ 
duced  into  the  theoretical  research  [  6  ]  for  the  plate 
in  the  form  of  the  half-plane  as  the  ratio  of  the 
velocity  of  the  moving  surface  to  the  mainstream 
velocity.  The  following  conclusions  were  derived 
which  reveal  the  effects  of  moving  surfaces. 

—  When  the  velocity  of  the  moving  surface  equals 
the  value  and  direction  of  the  mainstream  velocity, 
p  =  1 ,  the  hydrodynamic  forces  do  not  act  on  the 
plate.  The  flow  around  the  plate  is  potential. 

—  When  the  velocity  of  the  moving  surface  is  more 
than  the  mainstream  velocity,  p  >  1 ,  the  plate  has 
no  resistance  force,  it  has  thrust  force. 

—  When  the  velocity  of  the  moving  surface  and  the 
mainstream  velocity  are  directed  opposite  to  each 
other,  p  <  0,  the  plate  has  a  resistance  force  less 
than  on  stationary  surface  at  p  =  0. 

The  effects  of  the  moving  surfaces  in  applications  in 
engineering  could  be  very  useful.  But  complexity 
of  design  and  increase  of  cost  block  the  way  to  the 
technical  applications  of  the  effects  of  the  moving 
surfaces.  At  the  same  time  nature  makes  wide  use 
of  the  effects  of  moving  surfaces  as  will  be  shown 
below. 

Let  us  enter  the  parameter  p,  similar  by  structure 
to  the  parameter  for  the  half-plane.  This  is  the 
ratio  of  the  velocity  of  the  moving  surface  Wl  to 
tangential  component  of  the  external  flow  velocity 
Wf  on  the  plate  element.  Naturally  this  parameter 
has  another  value  for  each  element  of  the  wave-like 


deformable  plate  and  in  each  following  moment  of 
time  on  the  individual  plate  element. 

Wl 

^  w; 

For  the  regime  of  propulsion  under  consideration 
the  surface  moving  in  flow  direction  takes  place  in 
the  extreme  points  of  our  sinusoid  necessarily,  as 
the  velocities  Wl  =  —C  and  Wf  =  U*  =  —{C—V) 
are  directed  to  one  side.  Figure  2b.  Bearing  in  mind 
that  Sx  =  Xf/V  =  CjY  we  have 

PVmax 

The  parameter  Py„„,  at  the  extreme  points  of  the 
sinusoid  depends  only  on  Strouhal  number.  The 
regimes  L/A  =  1  and  T  =  0  for  experiments  with 
the  plate  are  the  closest  to  the  regimes  of  the  water 
animal’s  motion.  The  range  of  parameter  Py„.^, 
3.28 — 6.55,  for  the  plate  in  this  regime  is  within  the 
range  of  parameter  2.7 — 21,  in  experiments 

with  live  water  animals. 

Going  over  to  the  general  case,  not  the  extreme 
points  of  the  sinusoid,  we  must  take  into  account 
the  velocity  of  oscillatory  motion  of  the  considered 
plate  element  Vy  =  ^,  Figure  2b.  The  angle  a 
formed  by  the  neutral  axis  of  the  running  wave  and 
the  considered  element  of  the  plate,  a  =  tan~^^, 
indicates  the  position  of  the  considered  plate  ele¬ 
ment. 


5a 


5a  -  1 


(4) 


In  general  case 


C  +  Vy^ 
C-V-Vy% 


(5) 


The  surface  moving  in  the  flow  direction  is  realized 
only  if 


C-V>Vy 


dx 


(6) 


The  kinematic  data  of  the  water  animals  were  used 
for  calculations.  The  following  results  were  ob¬ 
tained. 

—  The  ratio  (6)  is  fulfilled  on  all  points  of  the  dol¬ 
phin  body.  The  scheme  of  the  moving  surface  in 
the  flow  direction  is  fully  realized  here. 

—  The  ratio  C  —V  <Vy^  \s  fulfilled  for  fish  on  a 
significant  part  of  their  body.  Consequently  p  <  0 
and  the  scheme  of  the  moving  surface  opposite  to 
the  direction  of  the  flow  takes  place  here. 

It  is  necessary  to  note,  that  p  for  the  different  fish 
varieties  has  close  values,  in  the  range  from  —2.54 
to  —2.68  for  the  caudal  flipper  at  y  =  0.  It  is 
considerably  different  fromp  =  389  for  the  dolphin, 
see  the  table.  Figure  6. 

So,  the  scheme  of  the  moving  surface  in  the  flow 
direction,  p  >  0,  is  realized  for  the  entire  length 
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of  the  dolphin  body  moving  at  i?  >  Rcr,  and  the 
scheme  of  the  moving  surface  opposite  to  the  flow 
direction,  p  <  0,  is  realized  on  a  significant  part  of 
the  fish  body  moving  at  i?  <  Rct  , 

From  structure  of  formula  (  5  )  follows  that  when 
F  =  0,  p  has  the  least  significance  and  Py„,„,  =  1. 
Hence,  friction  forces  at  extreme  points  of  the  sinu¬ 
soid  are  absent,  and  in  other  points  of  the  sinusoid 
are  less  than  they  were  at  regimes  when  V  is  not 
equal  to  0.  Therefore,  in  oder  to  reduce  the  influ¬ 
ence  of  the  friction  forces  (internal  losses  in  propul¬ 
sion),  the  regimes  K  =  0  were  used  in  the  analysis 
of  experimental  results. 

The  knowledge  of  physical  processes  taking  place 
in  the  boundary  layer  of  the  wave-like  deformable 
body  is  necessary  for  successful  use  of  the  effects 
of  the  running  wave  and  the  moving  surface  in  en¬ 
gineering.  The  method  of  geometrical  summation 
of  the  velocity  profiles  in  the  boundary  layer  of  the 
wave-like  deformable  plate  is  here  offered  for  the 
case  of  a  moving  surface  in  the  flow  direction  and 
for  the  case  of  a  moving  surface  against  the  flow 
direction.  Figure  7.  This  is  the  first  step  to  un¬ 
covering  the  physical  processes  and  for  qualitative 
comparisons.  The  two  regimes  below,  which  were 
close  to  the  regimes  of  the  live  moving  water  ani¬ 
mals  and  to  the  regimes  in  both  [  7  ]  and  the  au¬ 
thor’s  experiments,  were  chosen  for  accuracy  and 
clearness. 

Regime  A:  p  =  4.33; 

=  0.5m/s;  C  =  0.65m/s;  C/V  =  1.3 

Regime  B:  p  =  —2.33; 
y  =  0.5m/s;  C  =  0.35m/s;  C/V  =  0.7 

All  velocity  profiles  are  constructed  in  the  same 
scale.  Figure  7.  The  theoretical  Blasius  profile  for 
the  laminar  boundary  layer  was  used  for  construc¬ 
tion  of  the  velocity  profiles  a  for  W/  and  b  for  Wl  . 
It  was  taken  into  consideration  that  the  velocity 
W/  and  Wl  complete  the  total  cycle  of  changes 
for  the  distance  that  equals  1/2  wavelength.  The 
velocity  profile  c  is  obtained  by  geometrical  sum¬ 
mation  of  the  profiles  a  and  6.  The  resulting  pro¬ 
file  c  is  constructed  in  coordinate  system  connected 
with  the  element  of  the  ’’sinusoid”.  It  is  necessary 
to  take  up  the  coordinate  system  connected  with 
the  moving  surface  (with  the  plate).  They  were 
given  velocities  equal  in  magnitude  Wl  and  oppo¬ 
site  Wl  directed  for  the  plate  element  and  for  the 
environmental  fluid,  profile  d.  The  velocity  of  the 
external  flow  in  the  resulting  profile  e  is  equal  in 
magnitude  of  the  velocity  V  and  in  the  opposite 
direction. 

Comparing  the  calculated  velocity  profiles  for 
wave-like  deformable  plates  at  p  >  0  and  p  <  0 
we  will  note  the  following  important  properties  of 


these  profiles. 

The  resulting  profile  e  at  p  >  0,  Regime  A,  is 
similar  in  form  to  the  experimental  velocity  profile 
in  the  boundary  layer  of  the  wave-like  deformable 
plate  [7].  This  velocity  profile  is  more  convex  in 
comparison  with  the  one  on  the  flat  plate  and  is 
similar  to  the  profiles  of  the  stable  type.  Transi¬ 
tion  from  laminar  to  turbulent  boundary  layer  is 
delayed  in  this  case  [8] . 

The  scheme  of  thp  moving  surface  in  the  flow  direc¬ 
tion  is  realized  on  the  entire  body  length  of  the  dol¬ 
phin  moving  at  Reynolds  numbers  which  are  larger 
than  critical  ones.  Hence  the  velocity  profile  in 
the  boundary  layer  of  the  dolphin  body  should  be 
the  profile  of  the  stable  type,  and  transition  in  the 
boundary  layer  is  delayed. 

Really,  there  are  interesting  results  in  [9] .  The  am¬ 
plitude  of  the  pressure  pulsations  in  the  boundary 
layer  depends  on  the  type  of  the  dolphin  motion 
at  i?  >  Rcr-  The  level  of  the  pressure  pulsations 
in  the  boundary  layer  corresponds  to  the  developed 
turbulent  flow  for  passive  motion  (inertial).  But  for 
active  motion  the  level  of  the  pressure  pulsations  is 
considerably  less  (1.5-2  times)  and  corresponds  to 
insufficiently  advanced  turbulent  flow. 

The  theoretical  Blasius  profile  for  the  laminar 
boundary  layer  on  the  flat  plate  is  the  dot-and-dash 
curve  in  the  profile  e. 

In  case  of  p  <  0  (the  scheme  of  the  moving  surface 
against  the  flow  direction)  the  value  of  the  velocity 
gradient  [du/dyi)  at  j/j  =  0  is  less  in  comparison 
to  the  velocity  gradient  (du/dyi)  at  j/i  =  0  on  the 
flat  plate.  As  the  local  viscous  shear  on  the  body 
surface  is  directly  proportional  (du/dyi)  at  yi  =  0, 
then  the  surface  friction  should  be  slightly  smaller 
than  on  the  flat  plate.  This  agrees  with  the  con¬ 
clusions  in  [6]. 

The  scheme  of  the  moving  surface  against  the  flow 
direction  is  realized  for  a  significant  part  of  the  fish 
body  moving  at  Reynolds  numbers  which  are  lower 
than  critical.  Hence  the  local  viscous  shear  for  fish 
should  be  smaller  than  on  the  fiat  plate. 

We  see  that  these  features  of  the  boundary  layer 
for  wave  deformations  of  the  body  are  successfully 
used  in  nature.  The  delay  of  transition  from  the 
laminar  to  turbulent  boundary  layer  takes  place  at 
greater  critical  Reynolds  numbers.  And  the  reduc¬ 
tion  of  the  surface  friction  takes  place  at  Reynolds 
numbers  which  are  less  than  critical  ones. 

The  wave-like  deformable  body  can  be  used  not 
only  as  the  mechanism  for  creation  of  a  thrust  force 
but  also  as  the  mechanism  influencing  the  bound¬ 
ary  layer  in  control  systems  for  decrease  of  the  re¬ 
sistance  forces. 
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Fig.  3.  Wortex  model  of  the  wave  plate. 


Fig.  4.  Coefficient  of  non-stationarity. 


■  Fig.  5.  Wave  plate  efficiency. 
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Fig. 6.  Parameter  of  the  moving  surface  p  for  the  caudal  flipper  of  the 
dolphin  (Tursiops  truneadus)  and  for  the  fish  (Belone,  Pomatomus  saltatrix, 
Sarda  sarda,  Cristi vomer  namaycush). 


Regime  A:  p  =  4.33; 

V  =  0.5m/s;  C  =  0.65m/s;  CIV  =  1.3 
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Regime  B:  p  =  —2.33; 

V  =  0.5m/s;  C  =  0.35m/s;  C/V  =  0.7 


Fig.  7.  Scheme  of  the  moving  surface  of  the  wave  plate. 
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Abstract 

The  structure  of  a  numerically  simulated  turbulent 
boundary  layer  over  a  flat  plate  at  Ree  =  670 
(Spalart  [17])  was  studied  using  the  invariants  of  the 
velocity  gradient  tensor  (Q  and  R)  and  a  related  scalar 
quantity,  the  cubic  discriminant  (D  =  27i?^/4  -f  Q^). 
These  invariants  have  previously  been  used  to  study 
the  properties  of  the  small-scale  motions  responsible 
for  the  dissipation  of  turbulent  kinetic  energy  (Chen  et 
al.  [6],  Soria  et  al.  [16]  and  Blackburn  et  al.  [3]).  In 
addition,  these  scalar  quantities  allow  the  local  flow 
patterns  to  be  unambiguously  classifled  according  to 
the  terminology  proposed  by  Chong  et  al.  [8].  The 
use  of  the  discriminant  as  a  marker  of  coherent  mo¬ 
tions  reveals  complex,  large-scale  flow  structures  that 
are  shown  to  be  associated  with  the  generation  of 
Reynolds  shear  stress  —u'v'.  These  motions  are  char¬ 
acterized  by  high  spatial  gradients  of  the  discriminant 
and  are  believed  to  be  an  important  part  of  the  mech¬ 
anism  that  sustains  turbulence  in  the  near-wall  region. 

N  omenclature 


Roman  Symbols 


Aij  Velocity  gradient  tensor  (dUifdxj) 

D  Discriminant  of  the  velocity  gradient 

tensor  Ay 

P  First  invariant  of  the  velocity 

gradient  tensor  Ay 
p  Instantaneous  pressure 

Q  Second  invariant  of  the  velocity 

gradient  tensor  Ay 

R  Third  invariant  of  the  velocity  gradient 

tensor  Ay 

Ree  Reynolds  number  based  on  momentum 

thickness 

Sy  Rate  of  strain  tensor 


Ui 

Instantaneous  velocity  component 

u'v' 

Instantaneous  Reynolds  shear  stress 

Ur 

Wall  shear  velocity 

Xj 

Cartesian  coordinate  direction 

,  z'^  Cartesian  coordinate  axis  normalized 
by  wall  units  {ur  and  v) 

Wy 

Rate  of  rotation  tensor 

Greek  Symbols 

A  generic  eigenvalue  of  the  velocity 

gradient  tensor 

u  kinematic  viscosity 

p  Fluid  density 

6  Boundary  layer  momentum  thickness 


Introduction 

Since  the  early  1980’s  there  has  been  tremendous 
progress  in  our  ability  to  directly  simulate  wall- 
bounded  turbulent  flows  at  moderate  Reynolds  num¬ 
ber.  However,  for  the  foreseeable  future,  simulations 
will  be  restricted  to  a  relatively  small  number  of  flows. 
Therefore  the  vast  majority  of  engineering  applica¬ 
tions,  especially  those  involving  high  Reynolds  num¬ 
ber,  will  continue  to  require  the  use  of  phenomenolog¬ 
ical  models.  Unfortunately,  there  has  been  much  less 
progress  in  the  development  of  models  capable  of  han¬ 
dling  all  but  the  narrow  range  of  flows  and  conditions 
for  which  they  have  been  tailored.  Part  of  the  reason 
why  progress  has  been  slow  is  that  we  still  lack  a  com¬ 
plete  physical  picture  of  what  Townsend  [20]  called  the 
“main  turbulent  motion”  and  which,  as  Klebanoff  [11] 
showed,  contains  most  of  the  turbulent  kinetic  energy 
and  is  responsible  for  the  generation  of  most  of  the 
Reynolds  stress.  Nor  do  we  have  an  adequate  pic¬ 
ture  of  the  flne  scale  motion  responsible  for  the  dis¬ 
sipation  of  kinetic  energy.  This  is  not  surprising  in 
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Figure  1:  Summary  of  three-dimensional  incompressible  topologies  (from  Soria  et  al.  [16]). 


view  of  the  difficulties  inherent  in  the  description  of 
such  a  complex,  highly  elliptic,  time-dependent,  three- 
dimensional  phenomenon. 

The  first  step  toward  understanding  the  physics  of  tur¬ 
bulent  motion  is  to  develop  a  robust,  unambiguous 
method  for  identifying  dynamically  important  flow 
structures.  This  paper  is  mainly  concerned  with  this 
issue.  The  methodology  described  here  is  based  on 
the  use  of  the  invariants  of  the  velocity  gradient  ten¬ 
sor  and  a  related  scalar  quantity,  the  cubic  discrim¬ 
inant.  Identification  of  turbulent  structure  in  terms 
of  the  discriminant  provides  a  useful  connection  be¬ 
tween  Reynolds  stress  producing  motions  and  dissi¬ 
pating  motions.  The  method  is  particularly  effective 
near  the  wall  where  the  low-speed  streaks,  first  docu¬ 
mented  by  Kline  et  al.  [12],  are  clearly  defined  along 
with  their  physical  connection  to  the  outer  flow.  New 
insights  also  emerge  into  the  concept,  introduced  by 
Townsend  [19],  of  active  versus  inactive  turbulence. 
Finally,  the  turbulent  structure  can  be  compared  with 
Theodorsen’s  [18]  original  vision  of  a  hierarchy  of 
horseshoe  eddies  as  well  as  with  Townsend’s  [19]  at¬ 
tached  eddy  model  of  wall  flow  as  recently  extended 
by  Perry  and  Marusic  [14]. 

Discriminant-based  structure  identification 


Chong  et  al.  [8]  provide  a  road  map  to  linear,  three- 
dimensional  flow  patterns  in  terms  of  the  invariants  of 
the  velocity  gradient  tensor.  The  approach  is  useful 


for  the  classification  of  compressible  and  incompress¬ 
ible  flows.  The  method  treats  every  point  in  a  flow 
field  as  a  critical  point  as  seen  by  an  observer  mov¬ 
ing  with  the  fluid  particle  at  the  point  in  question 
at  the  instant  of  time  in  question.  The  local  flow  is 
the  solution  of  a  third-order  system  of  autonomous, 
linear  ordinary  differential  equations  whose  solution 
behavior  is  determined  by  the  invariants  of  the  veloc¬ 
ity  gradient  tensor.  We  consider  fluid  motions  that 
are  describable  by  the  leading  terms  in  a  Taylor  series 
expansion  of  the  velocity  field  about  a  point. 


Ui{x,t) 


Ui{Xo,t)  + 


dUj 

dxi 


Axj  + 

Xq 


1  d^Uj 

2  dxjdxk 


AxjAxk  -I - . 


So 


(1) 


We  will  exclude  singular  cases  such  as  vortex  sheets  or 
shock  waves  as  well  as  highly  degenerate  flows  where 
the  local  flow  is  determined  by  quadratic  or  higher  or¬ 
der  terms  in  eqn.  1.  If  the  origin  of  the  coordinate 
system  translates  at  the  local  velocity  of  the  expan¬ 
sion  point  {Ui{xo,t)  =  0),  then  eqn.  1  reduces  to 
the  following,  autonomous  set  of  ordinary  differential 
equations 

Ui{x,t)  =  =  A-ijXj,  (2) 

where  Ay  is  the  velocity  gradient  tensor  (Ay  = 
dUi/dxj\~  ).  Using  standard  linear  algebra  tech- 


Figure  2:  Contour  plot  of  joint  probability  distributions  of  the  invariants  of  the  velocity  gradient  tensor  at 
Ree  =  670  (from  Chacin  et  al.  [5]). 


niques,  the  shape  of  the  solution  trajectories  - — 
instantaneous  streamlines  in  this  case — can  be 
uniquely  classified  according  to  the  nature  of  the 
eigenvalues,  and  associated  eigenvectors,  of  Ajj.  The 
eigenvalues  are  the  roots  of  the  characteristic  cubic 
equation  for  this  tensor,  given  by 

+  +  Q\  +  R  =  0.  (3) 

The  coefficients  of  this  polynomial  are  the  invariants 
of  the  velocity  gradient  tensor  given  by 

P  =  -Mi,  (4) 

Q  =  \p^-\AikMu  (5) 

R  =  -^P^  +  PQ-^AikAknAni.  (6) 

The  first  invariant  P  is  identically  zero  for  incompress¬ 
ible  flow.  It  can  be  readily  shown  that  the  nature  of 
the  roots  of  eqn.  3  is  determined  by  the  sign  of  the 
discriminant  of  Ay,  defined  as 

97 

D  =  ^R?  +  Q\  (7) 


If  the  discriminant  is  positive,  eqn.  3  admits  two  com¬ 
plex  and  one  real  root.  If  D  <  0,  all  the  roots  are 
real.  Using  these  quantities,  the  local  geometry  of 
three-dimensional  instantaneous  streamlines  around 
any  point  in  a  turbulent  flow  field  can  be  cataloged 
using  the  invariants  Q  and  R  and  the  discriminant  D. 
Figure  1  summarizes  all  the  possible  streamline  shapes 
that  can  exist  in  an  incompressible  flow,  classified  ac¬ 
cording  to  the  values  of  these  invariants. 

An  important  feature  of  this  method  is  that  both  Q 
and  R,  and  consequently  the  discriminant,  are  invari¬ 
ant  under  non-uniform  translations  and  are  indepen¬ 
dent  of  the  orientation  of  the  coordinate  system.  More 
generally,  they  are  invariant  under  any  affine  transfor¬ 
mation.  As  pointed  out  by  Perry  and  Chong  [13],  this 
technique  also  avoids  the  dangers  involved  in  trying 
to  study  a  flow  field  by  projecting  three-dimensional 
streamlines  onto  two-dimensional  planes. 

This  method  was  used  by  Blackburn  et  al.  [3],  Soria  et 
al.  [16],  Cheng  and  Cantwell  [7]  and  Chacin  et  al.  [5], 
to  study  the  flow  structure  of  numerically  simulated 
turbulent  flows.  The  data  considered  here  are  from 
the  direct  simulation  of  a  turbulent  boundary  layer 
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),  Md  =  t^^  +  Q^>o 


Figure  3:  Top  view  of  the  zero  pressure  gradient,  turbulent  boundary  layer  showing  flow  structures  of  positive 
discriminant  (focus  topology).  The  vertical  extent  of  the  domain  is  from  j/+  w  1  to  w  138.  All  the  areas  that 
are  not  colored  have  topology  of  the  type  node-saddle-saddle  (from  Chacin  et  al.  [5]). 


over  a  flat  plate  under  zero  pressure  gradient  com¬ 
puted  by  Spalart  [17]  at  Ree  =  670.  The  invariants 
of  the  velocity  gradient  tensor  were  obtained  at  every 
point  in  the  flow  and  cross-plotted  in  the  Q  —  R  plane. 
The  result,  shown  in  fig.  2,  is  a  joint  probability  dis¬ 
tribution  for  these  two  invariants.  Four  contour  levels 
with  logarithmic  spacing  are  plotted  and  the  value  Pb 
shown  in  the  legend  corresponds  to  the  density  of  data 
points  ((R,  Q)  pair)  per  unit  area  of  the  plot,  per  sim¬ 
ulation  time  step.  The  total  number  of  samples,  ob¬ 
tained  over  500  time  steps  was  approximately  7.9  x  10® 
data  points.  The  tear-drop  shape  of  the  distribution, 
as  well  as  the  tendency  of  the  data  to  gather  near  the 
origin  (as  indicated  by  the  darkest  contour),  have  been 
observed  in  several  different  flows — ingluding  decaying 
turbulence  (Cheng  and  Cantwell  [7]),  time-developing 
compressible  and  incompressible  mixing  layers  (So¬ 
ria  et  al.  [16]  and  Chen  et  al.  [6])  as  well  as  in  tur¬ 
bulent  channel  flow  (Blackburn  et  al.  [3]) — and  seem 
to  be  a  distinctive  and  universal  trait  of  turbulence. 
Furthermore,  the  second  invariant  Q  can  be  broken 
into  two  terms 

g  =  i(Wi,Wo-Si,Si,),  (8) 

where  is  the  antisymmetric,  rate-of-rotation  ten¬ 
sor  and  Sij  is  the  symmetric  rate-of-strain  tensor.  The 
first  term  in  eqn.  8  is  proportional  to  the  enstrophy 
density  whereas  the  second  one  is  proportional  to  the 
mechanical  dissipation  of  kinetic  energy.  This  expres¬ 
sion,  together  with  the  sketches  in  fig.  1,  highlight  the 


fact  that  the  local  flow  pattern  is  determined  by  a 
tradeoff  between  rotation  and  strain. 

The  invariants  of  the  velocity  gradient,  rate-of- 
rotation  and  rate-of-strain  tensors  were  used  by  Black¬ 
burn  et  al.  [3]  to  conduct  detailed  studies  of  regions 
of  high  dissipation  in  a  simulation  of  turbulent  chan¬ 
nel  flow.  The  authors  observed  a  strong  tendency 
towards  alignment  between  the  vorticity  vector  and 
the  intermediate,  principal  eigenvector  of  the  rate-of- 
strain  tensor  {Sij)..  This  is  consistent  with  the  nume¬ 
rical  studies  of  Ashurst  et  al.  [2]  and  the  experiments 
of  Tsinober  et  al.  [21]  in  free  shear  flows.  In  wall 
bounded  flows,  for  these  highly  dissipative  areas  of 
the  flow,  both  terms  on  the  right  hand  side  of  eqn.  8 
tend  to  be  of  comparable  magnitude  particularly  very 
near  the  wall  where  all  three  scalars,  Q,  R  and  D  go 
rapidly  to  zero. 

While  the  joint  probability  distribution  of  Q  and  R 
shown  in  fig.  2  is  useful  for  the  study  of  some  of  the 
characteristics  and  properties  associated  with  certain 
specific  flow  patterns,  it  is  also  important  to  study  the 
relationship  between  the  joint  pdf’s  and  physical  fea¬ 
tures  of  the  flow  structure.  As  shown  in  fig.  1,  the 
curve  D  =  0  marks  the  boundary  between  focus-type 
and  node-saddle-saddle-type  flow  patterns  in  the  Q—R 
plane.  Therefore,  a  surface  of  D  =  0  in  physical  space 
will  identify  regions  of  the  flow  within  which  the  eigen- 
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Figure  4:  Top  view  of  the  computational  domain  showing  regions  of  positive  discriminant  (light  gray)  and 
isocontours  of  instantaneous  —u'v'  (dark  gray). 


values  of  the  velocity  gradient  tensor  are  complex  and 
thus  may  be  a  useful  marker  of  dynamically  impor¬ 
tant  motions  (see  Blackburn  et  al.  [3]).  These  tend 
to  be  mainly  regions  dominated  by  vortex  stretching. 
This  approach  was  used  to  produce  fig.  3.  The  di¬ 
mensions  shown  in  the  figure  were  normalized  using 
wall  variables  (u^  and  v).  As  a  practical  matter,  to 
avoid  interpolation  errors,  a  surface  of  £>  =  0.04  was 
used  to  make  the  plot.  The  maximum  value  of  D  was 
approximately  four  orders  of  magnitude  larger. 

The  isocontours  of  D  =  0.04  show  that  the  points 
in  the  flow  where  the  local  topology  is  of  focus  type 
are  grouped  together  forming  complicated  flow  struc¬ 
tures  of  dimensions  comparable  to  the  boundary  layer 
thickness  which  extend  almost  all  the  way  to  the  wall. 
The  majority  of  them  are  tilted  streamwise  tubes  in¬ 
clined  away  from  the  wall  that  seem  to  bundle  and 
twist  creating  long  braids.  Farther  away  from  the  wall, 
into  the  logarithmic  region,  some  of  these  tubes  turn 
in  the  spanwise  direction  and  form  horseshoe  shaped 
eddies  reminiscent  of  the  coherent  motions  first  pro¬ 
posed  by  Theodorsen  [18].  Three  of  these  structures 
are  indicated  by  the  square  outlines  in  fig.  3.  The 
surface  D  =  0.04  delineates  the  flow  structure  all 
the  way  down  to  the  viscous  sublayer.  Within  the 
sublayer  Q,  R  and  D  fall  rapidly  to  zero  and  are 
identically  zero  at  the  wall.  This  figure  depicts  a 
boundary  layer  structure  which  is  consistent  with  the 
picture  proposed  by  a  number  of  investigators  since 
Theodorsen  [18]  including  Townsend  [20],  Head  and 
Bandyopadhyay  [9],  Robinson  [15]  and  more  recent¬ 


ly  Perry  and  Marusic  [14].  However,  it  needs  to  be 
pointed  out  that  these  pictures  are  based  purely  on 
the  vorticity  and  do  not  take  into  account  the  funda¬ 
mental  balance  between  vorticity  and  strain  which  is 
essential  for  the  formation  and  shape  of  the  coherent 
structure  and  which  is  accounted  for  by  the  discrim¬ 
inant.  This  distinction  becomes  crucial  near  the  wall 
where,  as  pointed  out  by  Blackburn  et  al.  [3],  the  vor¬ 
ticity  is  very  diflFuse  and  is  therefore  a  poor  marker  of 
flow  structure. 

Relationship  to  Reynolds  stresses 

The  importance,  and  usefulness,  of  the  study  of  these 
organized  motions  hinges  on  whether  or  not  they  can 
help  clarify  the  mechanism  by  which  the  flow  of  energy 
from  the  mean  flow  to  the  small  dissipative  scales  is 
sustained.  It  is  believed  that  a  significant  fraction  of 
the  turbulent  kinetic  energy  in  wall  bounded  flows  is 
produced  in  short,  intermittent,  quasi-periodic  events 
called  bursts  (see  for  example  Kim  et  al.  [10]  or  An¬ 
tonia  et  al.  [1])  which  are  associated  with  the  passage 
of  large  eddies.  Of  similar  interest  is  the  mechanism 
by  which  the  components  of  the  Reynolds  shear  stress 
tensor  are  generated  since  they  constitute  the  closure 
problem  of  turbulence  modeling.  Figure  4  shows  the 
same  view  of  the  flow  previously  presented  in  fig.  3.  In 
the  light  shade  of  gray  are,  again,  the  regions  where 
the  discriminant  of  the  velocity  gradient  tensor  is  pos¬ 
itive  (focus  topology).  Superimposed  on  this  view,  in 


uV<  -1.3 


-1.3  <  uV  <  -1.0  -1.0  <  uV  <  -0.7  -0.7  <  uV  <  -0.3 


-0.3'<  uV 


Figure  5:  Time-averaged  Reynolds  shear  stress  {—u'v')  generating  events  associated  with  the  four  incompressible 
flow  topologies.  The  values  of  the  contour  levels  shown  are  normalized  by  (from  Chacin  et  al.  [5]). 


the  darker  shade  of  gray,  are  isocontours  of  high,  in¬ 
stantaneous  values  of  —u'v'. 

This  particular  component  of  the  Reynolds  stress  ten¬ 
sor  is  the  most  important  one  for  this  particular  flow 
as  it  is  the  only  one  that  appears  in  the  produc¬ 
tion  term  of  the  turbulent  kinetic  energy  equation 
{—u'v'dU/dy).  The  events  shown  in  fig.  4  are  about 
6  times  stronger  than  the  peak,  time-averaged  value 
of  this  stress.  There  is  a  clear  spatial  association  be¬ 
tween  these  bursts  and  the  structures  visualized  using 
the  discriminant  as  they  seem  to  occur  in  the  immedi¬ 
ate  neighborhood  of  these  eddies.  A  close  inspection 
of  this  figure  reveals  that  the  Reynolds  stress  gener¬ 
ating  motions  actually  occur  where  the  discriminant 
is  close  to  zero  and  rapidly  changing  sign.  Statistical 
evidence  of  this  observation  will  be  discussed  shortly. 
Notice  also  that  the  areas  of  fig.  4  where  there  are  no 
visible,  nearby  structures  of  focus-type  topology  are 
also  devoid  of  motions  with  high  values  of  —u'v'.  A 
computer-based  flow  animation  prepared  using  several 
hundred,  consecutive  realizations  shows  these  bursts 
growing,  convecting  and  dissipating  together  with  the 
D  >  0  eddies.  This  figure  gives  new  meaning  to  the 
notion  of  active  and  inactive  turbulence  once  proposed 
by  Townsend  [19]. 

The  nature  of  these  active  motions  can  be  further 


studied  using  the  Q  —  R  plane.  Figure  5  shows  the 
time-averaged  value  of  the  —u'v'  stress  associated 
with  each  one  of  the  four  possible  three-dimensional 
topologies.  The  peculiar  shape  of  this  figure  shows 
that  the  strongest  events  are  located  toward  the  lower 
right  branch  of  the  Q  —  R  distribution  with  the  high¬ 
est  values  of  —u'v'  corresponding  to  local  flow  pat¬ 
terns  with  either  unstable-focus  compression  or  un¬ 
stable  node-saddle-saddle  motions  (with  the  events  of 
these  latter  type  being  located,  in  physical  space,  ad¬ 
jacent  to  regions  of  positive  discriminant).  It  can  also 
be  seen  that  there  are  two  distinctive  peaks  for  the 
strongest  -u'v'  motions,  one  located  right  above  the 
D  =  0,R  >  0  curve  and  one  right  below  it.  These 
two  peaks  were  further  studied  using  the  quadrant  de¬ 
composition  technique  first  proposed  by  Wallace  et  al. 
[22].  As  shown  in  fig.  5,  it  was  observed  that  the  strong 
u'v'  motions  below  the  D  =  0  line  were  composed 
mostly  of  sweeps  (positive  u',  negative  v')  or  high 
speed  fluid  moving  downward.  Those  located  above 
the  aforementioned  curve,  in  the  region  of  unstable- 
focus  compression  topology  were  almost  entirely  com¬ 
prised  of  ejections  (negative  u',  positive  u');  low  speed 
fluid  moving  away  from  the  wall. 

In  addition  to  suppressing  turbulent  fluctuations,  the 
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Figure  6:  Time-averaged  Reynolds  shear  stress  {—u'v')  generating  events  associated  with  the  four  incompressible 
flow  topologies  as  a  function  of  distance  to  the  wall,  a)  j/+  <  5.0,  b)  5.0  <  j/+  <  41,  c)  41  <  j/+  <  107,  d) 
>  107.  The  values  of  the  contour  levels  shown  are  normalized  by  it^. 


presence  of  a  no-slip  boundary  also  creates  a  strong 
shear.  As  a  consequence,  the  flow  is  strongly  inhomo¬ 
geneous  in  the  direction  normal  to  the  wall.  Since  the 
data  used  to  create  fig.  5  comes  from  the  entire  layer, 
the  effects  of  the  shear  cannot  be  observed.  This  issue 
is  addressed  in  fig.  6.  As  indicated  in  the  figure,  the 
boundary  layer  was  divided  into  four  regions  (viscous 
layer,  buffer  region,  log  layer  and  the  wake)  and  the 
same  calculation  for  —u'v'  was  repeated  in  each  sepa¬ 
rate  zone.  In  the  viscous  sub-layer  (fig.  6a)),  where  the 
turbulence  level  is  predictably  low,  the  unstable  node- 
saddle-saddle  topology  is  the  only  kind  of  flow  pattern 
that  contributes  significantly  to  the  Reynolds  shear 
stress  and,  as  can  be  observed,  these  events  are  almost 
exclusively  sweeps  (positive  u',  negative  v')  or  high 
speed  fluid  moving  downward.  Farther  away  from  the 
wall,  from  the  buffer  region  to  the  outer  layer  (figs,  fib) 
through  d)),  the  profiles  are  similar  to  that  shown  in 


fig.  5.  The  only  noticeable  effect  of  the  diminishing 
role  of  viscosity  is  the  change  in  the  scales,  with  the 
largest  range  of  contours  occurring  in  the  buffer  region 
(where  the  production  term  and  the  turbulence  inten¬ 
sities  also  peak).  In  these  regions  (buffer,  log  layer  and 
wake)  the  strongest  Reynolds  stress  events  are  associ¬ 
ated  with  motions  of  unstable  node-saddle-saddle  and 
unstable  focus-compression  topology.  As  pointed  out 
above,  these  events  are  located  in  regions  where  the 
discriminant  changes  sign  rapidly. 

Finally,  fig.  7  shows  a  similar  view  to  that  presented 
in  fig.  4.  The  dark  gray  contours  indicate  motions 
with  very  high  instantaneous  turbulent  kinetic  energy 
(u!iu'i/2).  There  is  a  similar  spatial  correlation  be¬ 
tween  these  energetic  motions  and  the  eddies  iden- 
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Figure  7:  Top  view  of  the  computational  domain  showing  regions  of  positive  discriminant  (light  gray)  and 
isocontours  of  instantaneous  turbulent  kinetic  energy  (dark  gray). 


tified  using  the  discriminant  of  the  velocity  gradient 
tensor,  shown  once  again  in  the  light  gray  tone.  As 
before,  active  and  inactive  regions  are  evident. 

Relationship  to  the  pressure  field 

A  comprehensive  study  of  the  kinematics  of  turbulence 
was  carried  out  by  Robinson  [15]  on  the  same  numer¬ 
ical  simulation  data  presented  here.  In  that  work,  the 
author  presents  a  taxonomy  of  coherent  events  that 
have  been  observed  in  turbulent  flows.  He  points  out 
the  importance  of  vortical  motions  and  how  they  could 
be  used  to  connect  various  types  of  structures.  He 
uses  the  pressure  field  as  a  means  of  identifying  these 
vortical  motions.  The  rationale  is  that,  for  a  two- 
dimensional  vortex  with  near-circular  streamlines  the 
pressure  has  to  reach  a  minimum  at  the  vortex  center. 
In  the  absence  of  such  near-circular  streamlines,  the 
extrema  in  the  pressure  fleld  need  not  occur. 

Figure  8  shows  the  same  view  of  the  computational  do¬ 
main  used  in  fig.  3  with  surfaces  of  constant  pressure 
superimposed  onto  the  structures  visualized  using  the 
discriminant.  These  latter  contours  were  made  trans¬ 
parent  to  facilitate  the  comparison  since  pressure  min¬ 
ima  commonly  lie  inside  the  surface  D  =  0.04.  The 
pressure  threshold  chosen  was  pl{pu\)  «  -4.3.  This 
level  encloses  the  regions  of  the  flow  with  the  lowest, 
instantaneous  pressure  and  is  the  same  one  used  by 
Robinson  [15]  in  his  study.  As  can  be  seen  in  the  fig¬ 
ure,  there  is  a  general  correspondence  between  the  two 


fields.  In  particular,  pressure  minima  generally  occur 
where  the  discriminant  is  positive.  Again,  this  is  con¬ 
sistent  with  the  view  that  active  regions  are  located  at 
the  boundary  of  the  D  >  0  surfaces.  The  association 
however  is  not  universal. 

This  issue  can  be  further  explored  by  examining  some 
of  the  properties  of  the  pressure  field,  which  is  gov¬ 
erned  by  Poisson’s  equation.  This  equation  can  be 
recast  as  (see  for  example  Cantwell  [4]) 

-V^p  =  2Q.  (9) 

For  any  three-dimensional  function,  a  necessary  con¬ 
dition  for  the  existence  of  a  local  minimum  is  given 
by 

>  0,  (10) 

so  local  pressure  minima  and  regions  of  positive  dis¬ 
criminant  can  only  coincide  in  areas  where  Q  >  0.  As 
was  shown  in  the  joint  probability  distributions  of  Q 
and  R  in  fig.  2,  there  is  a  significant  number  of  flow 
structures  where  D  >  0  and  Q  <  0.  These  regions 
can  not  be  seen  using  isocontours  of  low  pressure  and, 
as  indicated  by  fig.  5,  these  areas  are  important  in 
Reynolds  shear  stress  generation. 

In  addition,  the  use  of  the  pressure  field  presents  the 
additional  complication  that  a  threshold  level  must 
be  chosen.  For  a  relatively  simple  flow,  with  no  mean 
pressure  gradient  like  this  one,  this  selection  is  not  un¬ 
duly  cumbersome.  For  a  more  complex  flow  with  pres- 
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Figure  8:  Top  view  of  the  computational  domain  showing  regions  of  positive  discriminant  (light  gray)  and 
isocontours  of  instantaneous  pressure  (dark  gray).  The  pressure  threshold  level  is  p/fm^  «  -4.3. 


sure  gradients  it  may  not  be  possible  to  do  so  with¬ 
out  a  certain  degree  of  arbitrariness.  This  problem 
is  avoided  by  the  use  of  the  velocity  gradient  tensor 
invariants,  and  the  discriminant,  since  the  threshold 
value  used  (D  =  0)  is  unmistakably  determined  by 
the  boundary  between  complex  and  real  roots  for  the 
characteristic  equation  (eqn.  3). 

Conclusions 

Perhaps  no  other  problem  in  fluid  mechanics  has  re¬ 
ceived  as  much  attention  as  that  of  the  structure  of 
a  turbulent  boundary  layer.  In  spite  of  all  this  effort 
the  lack  of  a  unified  framework  for  identifying  and 
describing  the  structure  has  been  a  continuing  hin¬ 
drance  to  progress.  As  a  result,  a  substantial  fraction 
of  the  effort  has  been  devoted  to  settling  nagging  is¬ 
sues  of  nomenclature  and  communication.  In  this  pa¬ 
per  we  have  described  a  methodology  which  identifies 
dynamically  significant  features  in  an  unambiguous 
and  coordinate-independent  way.  The  method  relies 
on  scalar  measures  of  the  velocity  gradient  field  and 
is  generally  applicable  to  all  flows  regardless  of  pres¬ 
sure  gradient,  boundary  conditions  or  Reynolds  num¬ 
ber.  Moreover  the  extension  to  compressible  flows  is 
straightforward.  The  method  gives  new  meaning  and 
definition  to  the  concept  of  active  versus  inactive  tur¬ 
bulence.  It  also  gives  new  meaning  to  the  concept  of 
an  attached  eddy  and  provides  a  physical  connection 
between  the  flow  very  close  to  the  wall  and  the  outer 
part  of  the  layer. 


That  the  invariants  of  the  velocity  gradient  tensor,  and 
in  particular  the  discriminant  formed  from  them,  are 
closely  associated  with  Reynolds  stress  generating  mo¬ 
tions  as  depicted  in  fig.  5  is  an  important  new  finding 
which  may  have  significant  implications  for  turbulence 
modeling. 
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SUMMARY 

It  is  shown  that  convex  curvature  is  a  strong  nonlinear 
stabilizer  of  Gortler  vortices.  It  is  also  conjectured  that 
sub-critical  roughness  can  prevent  the  growth  of  more 
unstable  modes  and  hence  delay  transition. 

1  INTRODUCTION 

In  a  boundary-layer  flow  over  a  concave  surface,  the 
Rayleigh  circulation  criterion  is  satisfied  and  the  flow  is 
subject  to  a  centrifugal  instability.  This  instability  of  an 
open  system  with  a  weakly  nonparallel  basic  state  is 
commonly  associated  with  Gortler  and  is  in  the  form  of 
stationary  counter-rotating  vortices.  Saric  (1994) 
presents  arguments  for  considering  this  problem  to  be 
different  from  Taylor  instabilities  and  Dean  instabilities. 
For  general  reviews  of  the  subject,  see  Hall  (1990), 
Floryan  (1991)  and  Saric  (1994). 

The  Gortler  instability  is  an  important  boundary-layer 
instability  that,  under  some  conditions,  leads  the  flow 
through  a  transition  to  turbulence.  It  is  known  that  a 
Gortler  instability  can  cause  transition  on  the  wall  of  a 
supersonic  nozzle  in  a  boundary  layer  that  would  be 
otherwise  laminar  (Beckwith  et  al  1985;  Chen  et  al 
1985).  Moreover,  the  Gortler  vortex  structure  exists  in  a 
turbulent  boundary  layer  over  a  concave  surface  such  as 
turbine-compressor  blades  (e.g.  see  Floryan  1991  for  a 
review).  This  instability  is  visualized,  for  example,  with 
surface  striations  on  the  reentry  vehicles  in  the 
Smithsonian  Air  &  Space  Museum  where  differential 
surface  ablation  caused  locally  concave  surfaces.  On  the 
other  hand,  recent  experiments  (Swearingen  & 
Blackwelder  1987,  Peerhossaini  &  Wesffeid  1988a,h) 
show  that  the  breakdown  to  turbulence  in  the  presence  of 
Gortler  vortices  is  typically  through  a  strong  secondary 
instability  caused  by  distortion  of  the  steady  velocity 
profile.  This  leads  to  arguments  regarding  the  linear 
nature  of  this  instability.  In  addition,  the  spanwise 
modulations  of  the  steady  flow  caused  by  the  Gortler 
vortices  can  also  destabilize  Tollmien-Schlichting  waves 
(Nayfeh  &  Al-Maaitah  1987,  Hall  &  Seddougui  1989, 
Malik  &  Hussaini  1990).  These  brief  comments  serve  to 
illustrate  that  this  is  a  rich  area  of  study. 


1 . 1  Nonlinear  mean  flow  distortion 


The  significant  feature  of  a  stationary,  streamwise- 
oriented  vortex  in  a  spatially  developing  flow  is  the 
convection  of  streamwise  momentum  normal  to  the  wall. 
Figure  1  is  a  sketch  of  such  behavior  and  Figure  la, 
shows  the  orientation  of  the  vortex  motion.  At  the  z  =  0 
position,  the  combined  action  of  the  two  vortices 
produces  an  upwelling  of  the  flow.  At  the  ±n  position, 
there  is  a  downwelling.  If  the  low-momentum  fluid  is 
identified  by  the  shaded  area  of  Figure  lb  as  an  initial 
condition,  the  upwelling  at  z  =  0  raises  the  low- 
momentum  fluid  and  reduces  the  shear.  On  the  other 
hand,  the  downwelling  at  ±;r  decreases  the  region  of 
low-momentum  fluid  and  increases  the  shear.  As  the 
motion  continues,  a  mushroom  shaped  distribution  is 
formed  as  shown  in  Figure  Id. 


y 

_ _ 

Figure  1. Evolution  of  mean  profile  distortion 


Paper  presented  at  an  AGARD  FDP  Workshop  on  ‘‘High  Speed  Body  Motion  in  Water”, 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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This  behavior  is  verified  experimentally  by  Peerhossaini 
(1987)  and  with  a  typical  nonlinear  calculations  by  Liu 
&  Sabry  (1990),  Sabry  &  Liu  (1991),  Lee  &  Liu  (1992), 
Liu  &  Domaradzki  (1993),  and  Benmalek  (1993).  This 
phenomenon  also  exists  in  other  flows  with  a  stationary 
streamwise  vortex  stmcture  such  as  the  crossflow 
instability  on  a  swept  wing  (Kohama  et  al  1990)  and  the 
curved  channel  problem  (Guo  &  Finlay  1994). 


Figure  2.  Streamwise  evolution  of  mean  profiles  of  total 
velocity  for  constant  curvature  case. 

The  consequence  of  this  behavior  is  shown  in  Figure  2. 
In  this  figure,  the  velocity  profile  is  calculated  for  the 
different  streamwise  locations  and  shows  the 
development  of  the  highly  inflectional  velocity  profiles 
that  would  give  rise  to  a  Rayleigh  instability.  Here,  x  is 
the  streamwise  distance  from  the  leading  edge  normalized 
with  the  with  distance  from  the  leading  edge  where  the 
curvature  is  first  applied,  Tj  is  the  Blasius  variable,  and 
M,  is  the  total  mean  velocity  (Benmalek  &  Sarlc  1994). 
The  computations  are  for  the  nonlinear,  parabolized 
disturbance  equations  and  should  be  considered  as  generic 
features  that  are  characteristic  of  these  distorted  profiles. 
One  can  do  a  comparable  development  of  the  spanwise 
gradients  of  the  velocity  profiles  and  show  that  these  are 
subject  to  a  Kelvin-Helmholtz  instability.  The  spanwise 
gradients  are  as  large  as  the  wall-normal  gradients  and 
that  flows  such  as  this  are  subject  to  strong  secondary 
instabilities. 

1 . 2  Saturation  and  breakdown 

The  other  feature  of  this  nonlinear  profile  distortion  is 
saturation.  At  some  streamwise  location,  the  disturbance 
energy  saturates  as  shown  in  the  generic  Figure  3.  This 


figure  contains  the  trajectories  of  the  integrated  mode 
shapes  for  different  curvatures.  The  constant  curvature 
case  is  k/Kq  =  1 .  Saturation  does  not  occur  at  a 
particularly  large  Gortler  number. 


Figure  3.  Sreamwise  evolution  of  maximum  streamwise 
velocity  disturbance  for  different  curvature  conditions. 

The  first  measurements  of  the  strong  distortion  of  the 
mean  flow  and  the  description  of  the  nonlinear  process 
are  found  in  Aihara  (1979),  Yurchenko  et  al  (1980), 
Yurchenko  (1981),  and  Ito  (1980).  Yurchenko  also  noted 
the  importance  of  the  spanwise  gradient  of  the 
streamwise  flow,  du/dz,  which  is  as  large  as  the  wall- 
normal  gradient,  dujdy.  This  was  followed  by  the  work 
of  Aihara  &  Koyama  (1981)  who  identified  the 
breakdown  of  the  vortex  structure  as  a  secondary 
instability  due  to  a  horseshoe-vortex  structure. 

The  Gortler  vortex  problem  is  really  a  nonlinear, 
nonparallel  instability  where  the  basic  state  cannot  be 
decoupled  from  the  disturbance  state  or  the  initial 
conditions.  In  fact,  the  only  reliable  assumptions  about 
the  Gortler  problem  are  that  it  is  spanwise  periodic  and 
initially  stationary.  Prior  to  the  onset  of  the  secondary 
instability,  the  experiment  teaches  us  (i)  that  there  is 
significant  profile  distortion  from  mean  flow  (Figure  2); 
(ii)  saturation  will  occur  (Figure  3);  and  (3)  the  low- 
momentum  streaks  form  a  mushroom-shaped  cross 
section  (Figure  1). 

Sabry  &  Liu  (1988,  1991)  and  Liu  &  Domaradzki  (1993) 
did  a  temporal  calculation  of  the  spatially  developing 
vortex  and  they  were  able  to  achieve  good  agreement 
with  experiment.  Lee  &  Liu  (1992)  did  the  nonlinear 
spatial  computations  of  the  parabolized  Navier-Stokes 
equations  as  did  Guo  &  Finlay  (1994),  Benmalek  (1993), 
and  Benmalek  &  Saric  (1994).  Whereas  some  numerical 
details  differ  between  these  computations,  they  are  stable 
computational  models  of  the  steady  spatial  evolution  of 
the  Gortler  vortex  structure.  Both  Lee  &  Liu  (1992)  and 
Guo  &  Finlay  (1994)  give  the  successful  comparisons 
with  the  data  of  Swearingen  &  Blackwelder  (1987).  Lee 
&  Liu  go  one  step  further  and  show  that  the  initial 
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conditions  typically  used  by  Hall  (1983,  1988)  do  not 
give  as  good  a  comparison  with  experiment  as  compared 
with  initial  conditions  chosen  as  eigen  solutions  to  the 
separation  of  variable  solution  (e.g.  Day  et  al  1990).  A 
more  complete  review  is  given  by  Saric  (1994). 

2  CONTROL  OF  CURVATURE 

2 . 1  The  concave/convex  wall 

We  consider  a  concave  circular  arc  attached  to  a  convex 
circular  arc  of  the  same  radius  I/Vq  by  a  section  with 
continuously  varying  curvature.  The  curvature 
distribution  between  the  circular  arcs  is  chosen  as 

jc/kTo  =  -tanh[3(x-8)] 

The  convex  curvature  starts  at  x  =  8  which  is  upstream 
of  the  location  where  the  mushroom-shaped  contours  are 
established;  that  is  before  the  onset  of  the  associated 
secondary  instabilities.  This  allows  us  to  study  whether 
the  mushroom-like  structures  and  the  associated 
streamwise  velocity  inflectional  profiles  and  secondary 
instabilities  can  be  prevented  by  convex  curvature. 

Benmalek  &  Saric  (1994)  show  that  in  the  convex 
region,  the  primary  pair  of  vortices  is  lifted  upward  away 
from  the  wall  while  a  new  pair  of  vortices  with  opposite 
sense  of  rotation  is  created.  These  vortices  appear 
initially  as  recirculating  eddies  near  the  wall  at  each  side 
of  the  interface  z  =  n/a  separating  the  vortices  of  the 
preceding  primary  pair.  These  new  vortices  strengthen 
and  expand  for  some  distance  downstream  while  the 
preceding  pair  weakens.  The  new  vortices  move  the  low- 
speed  fluid,  that  was  initially  ejected  from  the  wall  by 
the  preceding  pair,  back  towards  the  wall.  They  also 
eject  low-speed  fluid  away  from  the  wall  at  the  spanwise 
locations  z  =  0  and  2nla,  where  high-momentum  fluid 
was  moved  towards  the  wall  by  the  initial  vortices. 
While  strengthening  for  some  downstream  distance 
immediately  after  its  creation,  the  new  pair  of  vortices 
does  not  reach  the  maximum  amplitude  of  the  preceding 
pair  as  indicated  by  the  streamwise  evolution  of  their 
amplitude  in  Figure  3.  This  process  of  creation  of  new 
sets  of  vortices  with  opposite  rotation  to  that  preceding 
each  set  near  the  upwelling  interface  on  the  convex  wall 
continues  downstream  and  eventually,  the  vortices  are 
too  weak  to  affect  the  flow.  Eventually,  the  iso-contours 
of  mean  velocity  are  dissipated  from  the  mushroom 
shape,  the  flow  becomes  two-dimensional  with  a  similar 
distribution  of  iso-contours  as  the  Blasius  flow.  The 
effect  on  the  meanflow  contours  is  shown  in  Figure  4. 
The  mean  flow  is  observed  to  go  from  the  highly 
inflectional  state  to  a  benign  profile  as  x  increases. 


Thus,  convex  curvature  is  a  strong  stabilizing  influence 
on  Gortler  vortices  and  can  be  used  effectively  as  a 
control  device. 


Figure  4.  Streamwise  evolution  of  mean  profiles  of  the 
total  streamwise  velocity  for  concave/convex  curvature. 

2 . 2  Periodic  Curvature 

Saric  &  Benmalek  (1991)  and  Benmalek  &  Saric  (1994) 
show  that  in  the  case  of  periodic  curvature,  the 
stabilizing  effect  of  the  convex  region  is  greater  than 
the  destabilizing  effect  of  the  concave  region.  This  is 
shown  in  Figure  3.  Thus,  the  well-worn  Gbrtler-Wittig 
mechanism  (see  Lesson  &  Koh  1985  for  a  recent 
example)  for  destabilizing  the  boundary  layer  does  not 
exist  and  in  fact  is  stabilizing.  If  one  needed  to  sustain  a 
region  of  convex  curvature  over  a  body  at  moderate 
Reynolds  numbers,  judicious  use  of  periodic  curvature 
could  permit  one  to  sustain  an  overall  concave  surface. 

3  CONTROL  WITH  ROUGHNESS 

In  Saric  et  al  (1998),  stationary  crossflow  waves  are 
investigated  on  a  swept  airfoil  within  a  low-disturbance 
environment.  A  review  of  this  mechanism  can  be  found 
in  Reed  &  Saric  (1989).  Although  the  stationary 
crossflow  waves  are  co-rotating  vortices,  the  same 
distortion  of  the  mean  flow  occurs  as  in  the  case  of  the 
Gortler  vortices  and  the  secondary  instability  pattern 
leading  to  transition  is  similar.  Thus  there  may  be  an 
analogy  between  the  control  of  these  two  mechanisms. 
Therefore,  a  brief  description  of  the  results  of  Saric  et  al 
(1998)  are  given  here. 

Stationary  crossflow  waves  dominate  the  transition 
process  even  though  the  surface  is  polished  to  0.25  pm 
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rms  roughness.  The  results  of  Reibert  et  al  (1996)  show 
that  the  spectral  content  of  the  stationary  instability  can 
be  controlled  by  the  careful  addition  of  artificial 
roughness  at  a  particular  wavelength.  For  reference,  it  is 
necessary  to  note  that  under  the  conditions  of  Reibert  et 
al  (1996),  the  most  unstable  wavelength  was  12  mm. 
The  roughness  initiated  waves  at  integral  multiple 
wavenumbers  of  the  primary  mode  i.e.  harmonics  in 
wavenumber  space  but  not  subharmonics. 

Saric  et  al  (1980  showed  that  the  disturbance  field 
obtained  with  18  mm  spaced  roughness  is  qualitatively 
consistent  with  the  experiments  of  Reibert  et  al  (1996), 
with  one  important  new  discovery.  Applying  the 
roughness  elements  such  that  the  spacing  is  not  a 
multiple  of  the  most  unstable  wavelength,  effectively 
suppresses  growth  of  this  most  unstable  mode.  The 
strong  growth  of  the  9  mm  mode  (the  harmonic  in 
wavenumber  space)  prevents  the  naturally  occurring 
dominant  mode  from  appearing.  This  suggests  that 
forcing  modes  that  do  not  grow  strongly  (or  have 
harmonics  that  grow  strongly)  may  yield  smaller  total 
disturbance  growth. 

Saric  et  al  (1998)  then  examined  a  subcritical  roughness 
spacing  of  8  mm  for  elements  that  were  of  6  pm  high. 
Under  certain  conditions,  the  subcritical  spacing 
effectively  delays  transition  past  that  of  even  the  natural 
roughness  case  (0.25  pm).  This  behavior  was  sustained 
for  roughness  heights  of  48  pm.  The  excited  disturbance 
shows  initial  exponential  growth,  but  then  saturates  and 
decays  dramatically.  The  strong  initial  growth  of  the 
subcritical  disturbance  inhibits  the  growth  of  the  most 
unstable  wavelengths.  The  decay  allows  longer- 
wavelength  background  disturbances  to  grow  downstream 
(as  linear  theory  predicts)  which  may  eventually  lead  to 
transition. 

The  implications  of  the  subcritical  roughness  spacing 
results  are  profound.  Although  some  issues  remain  to  be 
addressed  in  terms  of  appropriate  roughness  height, 
subcritically  spaced  roughness  shows  promise  as  an 
effective  passive  transition-control  mechanism  for  cases 
where  stationary  structures  dominate. 
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SUMMARY 

Boundary  layer  in  natural  conditions  is  influenced  by 
disturbances  of  different  types  coming  from  outside.  An 
approach  was  developed  for  experimental  study  of 
disturbance  interaction.  It  was  realized  using  a  special 
hydrodynamic  complex  including  a  water  channel  with 
the  regulated  freestream  turbulence  level,  different  kinds 
of  strain  gauges  and  devices  for  the  introduction  of  small 
disturbances  into  a  boundary  layer  from  its  outer  and 
inner  edges.  There  were  used  in  experiments  visualization 
methods  (in  particular,  tellurium  method)  thermo-  and 
laser  anemometry  and  strain-gauging.  Besides,  a 
technique  was  developed  to  carry'  out  measurements  of 
space-time  characteristics  of  disturbing  motion. 

Kinematic,  spectral  and  correlation  characteristics  were 
investigated  at  different  stages  of  natural  boundary  layer 
transition  including  the  turbulent  state  on  flat  and  concave 
plates.  The  model  of  disturbance  transformation  through 
all  the  transition  stages  was  proposed.  Each  stage  was 
considered  from,  the  point  of  view  of  mechanisms  driving 
the  disturbance  development  resulted  in  a  next  stage. 
Some  empirical  relations  were  obtained  for  wave  lengths 
of  two  and  three-dimensional  disturbances  depending  on 
the  Reynolds  number.  Conditions  of  the  occurance  of  two 
transition  types  and  their  connection  with  two  distincet 
intermittency  factors  proposed  were  analysed.  Results 
were  presented  in  the  form  of  profiles  of  mean  and 
fluctuation  longitudinal  velocity  components  and  also  of 
neutral  curves  and  curves  of  maximum  amplification  in 
Tollmien-Schlichting  and  Gortler  diagram. 

Structural  and  kinematical-dynamical  principles  of 
boundary  layer  interaction  with  compliant  surfaces  were 
formulated. 

Interactions  of  different  disturbances  were  studied  in 
boundary  layers  on  resonant  and  dissipative  compliant 
plates. 

1.  INTRODUCTION 

It  is  considered  that  investigations  of  i.  Kramer  [14]  on 
the  elastic  surfaces  published  in  1957  was  the  beginning 
of  development  of  a  new  direction  in  a  hydromechanics. 
Actually,  the  announcement  about  the  developed  theory 
of  liquid  flow  in  elastic  pipes  [12]  was  made  by  the 
Russian  professor  1.  S.  Gromeko  on  May  14,  1883. 

The  main  stages  of  development  of  a  flow  over  elastic 
surfaces  problem  are  explained  in  reviews  and 
monographs  [2,  5,  6,  8, 9,  10,  1 1, 13,  15,  18]. 


The  M.  Kramer  considered  that  the  effect  of  elastic 
surfaces  interaction  with  a  flow  is  stipulated  by  damping 
of  Tollmien-Schlichting  waves.  Therefore,  the  problems 
of  hydrodynamic  stability  during  a  flow  over  elastic  plates 
were  widely  investigated  in  the  beginning  after 
publication  of  results  of  his  experiments. 

The  study  of  a  problem  with  the  purpose  of  examination 
and  substantiation  of  Cramer's  idea  was  executed  for  the 
first  time  by  Benjamin  and  Landahl  [6,  15]. 

Among  the  home  scientists  the  experimental  researches  of 
a  boundary  layer  on  elastic  plates  were  carried  out  by  A. 

1.  Korotkin  [5],  V.  B.  Amphilohiev  [1],  B.  N.  Semenov 
[20].  Recently,  Gad-el-Hack  [11],  Bushnel  [9],  Fisher 
[16],  Carpenter  [17]  etc.  fruitfully  worked  in  this 
direction. 

The  results  of  experimental  researches  of  laminar  [13], 
transitional  [10]  and  turbulent  [4]  boundary  layers  at  a 
flow  over  various  kinds  of  elastic  surfaces  are  presented 
in  this  work. 

2.  MEASURING  METHODS  OF  BOLTVDARY 
LAYER  PARAMETERS 

Boundary  layer  velocity  field  is  visualized  with 
tellurium  method  [21]  and  with  coloured  streaks. 
Velocity  measurements  are  carried  out  with  the  laser 
Doppler  anemometer  (LDA)  and  DISA 
thermoanemometer  [10]. 

The  hydrodynamic  bench,  equipment  and  devices  are 
described  in  [10]  and  detail  in  Fig.  1. 

A  low-turbulence  hydrodynamic  test  bench  comprises 
special  equipment  and  devices.  The  following  are  the 
basic  technical  data  of  the  test  bench:  length  of  test 
bench  7  m,  length  of  test  section  3  m,  cross-section  of 
test  section  0.09x0.25  m,  range  of  operating  speeds 
0.05-^-1.5  m/sec,  effuser  contraction  factor  equal  to  10. 
Mounted  on  the  test  bench  are  the  following  main 
devices:  a  duplex  bottom  of  the  test  section,  a 
removable  cover  of  the  test  section.  The  test  bench  is 
equipped  with  a  boundary-layer  bleed  in  the  comers 
of  the  test  section.  The  cover  of  the  test  section  can  be 
tilted  to  various  angles  and  rails  are  laid  out  along  the 
test  section,  over  which  the  car  with  special  apparatus, 
LDA  and  DISA  moves. 

The  tellurium  method  was  employed  and  a  set  of 
special  equiment  was  constructed  for  measuring  the 
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velocity  field  and  recording  the  neutral  oscillations. 
Tellurium  wires  were  attached  to  special  supports. 

Small  oscillations  of  various  types  were  introduced 
into  the  boundary  layer  with  the  help  of  specially 
designed  oscillators  for  measuring  neutral  oscillations. 
Supports  were  arranged  further  downstream,  making 
it  possible  to  obtain  small  tellurium  jets.  The  oscillator 
vibrational  frequency  changes  in  the  course  of  the 
experiment,  the  amplitude  of  the  tellurium  jet 
oscillations  being  recorded.  The  voltage  applied  to  the 
tellurium  wires  during  photography  of  the  velocity 
profile  was  approximately  500-^600  V,  whereas 
1 0-^20  V  were  required  when  recording  the  tellurium 
jets. 

Small  oscillations  were  introduced  into  the  boundary 
layer  mainly  with  the  help  of  two  oscillators.  The 
mechanical  oscillator  consisted  of  a  frame  on  which 
two  motors  were  mounted,  making  it  possible  to 
obtain  the  required  range  of  the  oscillator  ribbon 
oscillating  frequencies.  The  oscillation  amplitudes 
varied  due  to  the  eccentricity  of  the  various  bearings 
through  which  the  oscillations  were  transferred  from 
the  axle  to  the  rod.  Attached  to  the  rod  were  two 
pushers  to  which  the  oscillator  ribbon  was  fastened. 

The  expefimenta!  investigation  of  hydrodynamic 
stability  was  conducted  on  the  bottom  of  the  test 
section  of  the  hydrodynamic  bench  [19].  The  method 
of  obtaining  dots  on  the  neutral  curve  consisted  in 
determining  the  maximum  amplitude ’of  tellurium  jet 
oscillations  at  a  fixed  point  in  the  test  section  with  the 
help  of  photography.  The  velocity  profiles  were 
photographed  simultaneously.  In  this  way  the  dots  of 
the  second  branch  of  the  neutral  curve  were 
determined. 

A  series  of  the  above-mentioned  measurements  was 
carried  put  in  various  places  of  the  test  section  to 
permit  experimental  plotting  of  the  neutral  curve,  the 
distance  between  the  oscillator  and  the  supports  not 
exceeding  20  cm. 

The  method  of  investigation  of  natural  transition  at 
nonlinear  stages  consists  in  the  following.  First  of  all  a 
boundary  layer  is  examined  in  different  aspects  with 
the  tellurium  method  along  the  test  section.  On  Fig.  2 
there  are  examples  of  visualization,  with  tellurium- 
method,  of  stream-lines  and  profiles  of  mean 
longitudinal  velocity  and  also  the  form  of  nonlinear 
Tollmien  wave  modeled  on  a  computer.  The  particular 
attention  is  paid  to  the  registration  of  the  velocity 
distribution  transverse  to  the  flow,  the  tellurium  wire 
being  placed  here  on  varying  distance  from  the  floor. 

Fig.  3  shows  the  velocity  profile  in  boundary  layer  in 
transverse  direction:  (a)  -  for  rigid  plate  at  zero 
pressure  gradient,  (b)  -  the  same  at  adverse  pressure 
gradient.  In  first  case  small  deformation  of  velocity 
profile  was  observed,  in  second  one  -  very  large.  Fig.  3 
(c)  shows  the  velocity  profile  on  elastic  surface.  The 
pattern  is  different  from  both  previous  cases.  Such 
procedures  are  carried  out  under  U.„=const  along  x 


axis;  so  the  increase  of  Re  allowes  to  fix  up  different 
transition  stages  at  specific  positions  along  x. 

Simultaneus  photography  of  velocity  profiles  in 
vertical  and  transverse  directions  and  also  of 
longitudinal  tellurim  Small  jets  gives  the  possibility  to 
construct  the  spatial-temporary  picture  of  exciting 
motion  and  velocity  field  during  different  stages  of 
transition.  The  example  of  such  pictures  is  given  in 
Fig.  4. 

■Analysis  of  profiles  U(z)  gives  the  possibility  for 
determining  the  characteristic  points  along  y  and  z 
axes  where  the  boundary  layer  kinematic  parameters 
are  measured  with  LDA  and  DISA.  All  these 
measurements  are  made  under  a  low  turbulence  level 
(s<0,05%). 

Further  the  transition  features  are  studied  over  the 
inserting  floor  section  at  x=const,  U„=var. 

The  main  method  of  experimental  determination  of 
neutral  stability  curves  was  worked  out  by  Schubauer 
and  Scremstead  on  the  basis  of  theoretical  analysis  of 
Tollmien  and  Schlichting  and  was  fully  covered  in  my 
book. 

3.  DISTRIBUTION  OF  PARAMETERS  OF 
DISTURBING  MOTION  THROUGH  THE 
LAMINAR  BOUNDARY  LAYER. 

Determined  was  distribution  of  amplitudes  of  exciting 
motion  transverse  velocities  throughout  the  thickness 
of  the  boundary  layer  at  varying  oscillation  amplitude 
of  the  oscillator.  Velocity  v'  is  directly  proportional  to 
value  Av.  With  the  Av>0,7  mm,  velocity  v'  becomes  so 
significant  (velocities  u'  and  w'  rising  correspondingly) 
that  a  turbulence  takes  place  immediately  beyond  the 
oscillator.  The  amplitudes  of  exciting  motion 
velocities  were  at  maximum  when  the  disturbance 
source  was  within  {0,l-r0,3)y/5. 

Dimensionless  wave  number  a5*  and  the  velocity  Cr/u 
of  exciting  motion  propagation  are  practically 
independent  of  the  disturbance  source  location  in  the 
boundary  layer  thickness.  At  the  same  time  the 
measurements  have  shown  that  values  a5*  and  Cr/u 
depend  on  the  amplitude  of  the  oscillator  (Fig.  5). 
When  the  disturbance  amplitude  rises  to  0.7  mm, 
quantities  a5*  and  Cr/u  tend  to  attain  ultimate  values 
throughout  the  entire  thickness  of  the  boundary  layers 
under  given  experimantal  conditions  and  with 
Prv/U2=525•10■^  Re5-=653  these  being  0.5  and  0.65 
respectively. 

It  has  been  revealed  that  in  the  investigations  of  the 
hydrodynamic  stability  the  following  conditions  have 
to  be  adhered  to.  The  degree  of  turbulence  in  water 
should  not  exceed  0.04%.  The  amplitude  of  oscillator 
strip  oscillations  should  be  of  the  order  of  0.2-0.5  mm 
at  selected  range  of  velocities  10  to  20  cm/sec.  The 
cross  velocities  v'  built  up  by  the  oscillator  should  not 
exceed  2%  of  the  main  flow  velocity. 


9-3 


Investigated  was  the  distribution  of  wave  numbers 
and  phase  velocities  of  the  exciting  motion  throughout 
the  boundary  layer  thickness  at  optimum  oscillator 
ribbon  positioning  and  at  its  optimum  amplitude 
(Fig.  6).  With  the  Reynolds  number  being  constant, 
each  oscillation  frequency  has  its  own  nature  of  wave 
number  variation  throughout  the  boundary  layer 
thickness,  whereas  in  the  phase  velocity  the  differences 
in  dependences  are  manifested  slighter.  It  has  been 
discovered  that  with  the  advance  toward  the  outer 
limit  of  the  boundary  layer  the  wave  numbers 
decrease,  i.  e.  the  wave  length  increases  and  at  the 
same  time  the  phase  velocity  steadily  rises.  These 
results  show  that  dependences  of  quantities  a5*  and 
Cr/u  on  the  boundary  layer  thickness  and  on  the 
exciting  oscillation  frequency  are  quite  complex. 

On  Fig.  7  there  are  results  of  measurements  of 
distribution  Cr/u  versus  6  (u  -  local  velocity  in  point  of 
measuring).  General  behaviour  is  opposed  to  that  on 
Fig.  6,  where  it  can  be  seen  that  value  of  Cr  increases 
with  y/5.  Growth  rate  of  averaged  velocity  u  with 
increase  of  y/8  forestalls  that  of  Cr,  that  stipulates  the 
behaviour  of  curves  on  Fig.  7.  From  above  data  it 
follows  that  c.~u  at  y=5*  in  only  the  case  when 
frequency  of  fluctuation  of  disturbing  motion  is  equal 
to  frequency  of  neutral  oscillation,  and  disturbance  is 
introduced  and  located  in  the  region  of  critical  layer. 
In  all  other  cases,  when  the  frequency  of  disturbing 
motion  more  or  less  than  that  of  second  neutral 
oscillation,  Cr~u  only  at  y/6=0. 4-0.6  being  the  more 
ratio  n/nii  then  at  higher  values  y/5  equality  mentioned 
is  valid  and  the  steeper  the  curves.  General  behaviour 
is  as  follows:  near  the  wall  Cr  considerably  exceeds  u, 
and  the  more  x  the  more  exceeding;  above  y/5=0.4-f0.6 
value  Cl  becomes  less  than  u.  However  near  the  wall 
the  fluctuations  damp  due  to  viscosity  in  spite  of  large 
values  of  Cr.  Not  far  ftom  Rei.s.  the  curves,  as  functions 
of  y/5, change  not  so  strongly  in  comparison  with  that 
at  large  x. 

On  Fig.  8,  there  are  plots  of  Cr/u  versus  oscillation 
frequency.  It  was  found  out  that  if  yv~yp.i.~5*  then, 
under  all  test  conditions  for  (x,  U„),  Cr~u  only  at  n=nii 
that  is  at  frequency  of  second  neutral  oscillation,  but 
at  n?tnii  this  relation  becomes  Cr/u>I.  At  frequency 
n<nii,  that  is  in  the  region  of  unstable  oscillation  of 
neutral  curve,  cr  is  more  close  to  u  than  when  crossing 
neutral  curve  into  the  region  of  stable  oscillations.  At 
n>nii  the  value  of  Cr  increses  sharply  at  the  beginning, 
until  it  becomes  from  1.2  to  1.5  times  as  much  as  u, 
and  then,  as  n  increases  the  value  of  Cr  decreases 
smoothly.  It  is  typical  that  as  x  decreases  or  U.,, 
growthes,  value  of  n  increases  that  is  pi/U„;icor(II), 
that  is  accompanied  by  curves  smoothing  (Fig.  8,  b, 
curves  7,  12.  13),  and  not  far  from  Reu.  at  any  n 
practically  the  equality  Cr/u~l  is  valid. 

Thus,  depending  on  frequency  and  location  through 
the  boundary  layer  thickness  for  introduced 
disturbances,  velocities  of  their  propagation  are 
significantly  different.  Only  disturbances,  which  were 
introduced  in  the  region  of  critical  layer  at  Rei.s., 


propagated  with  velocity  Cr=u  in  wide  region  of 
frequencies.  Disturbances  generated,  for  example,  by 
wall  (at  y/5<0.33)  propagates  faster,  and  those  which 
come  into  boundary  layer  from  outside  (y/5>0.33) 
propagates  more  slowly  than  u.  As  a  general  one, 
remains  the  fact  that  when  these  disturbances  come  to 
region  of  critical  layer,  they  propagate  with  velocity 
Cr=u  at  n=nii.  Also  remained  in  force  is  the  following: 
oscillations  with  frquency  more  than  nn  propagates 
with  velocity  Cr>u.  This  is  the  reason  of  extra 
harmonics  appearance,  even  if  all  conditions  are  met 
and  specified  is  only  oscillation  with  n=nii,  as  well  as 
one  of  the  reason  for  origin  and  development  of  non¬ 
linear  stages  of  transition. 


Taking  into  account  the  test  accuracy,  one  will  have: 
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The  investigations  have  shown  that  at  each  point 
along  the  w'orking  part  oscillations  were  observed  in  a 
strictly  definite  frequency  range.  Fig.  9  represents 
dependences  of  wave  numbers  and  phase  velocities 
upon  disturbing  motion  oscillation  frequency.  By  the 
maximum  values  of  these  points  a  region  has  been 
plotted,  limited  by  a  dot-and-dash  curve  outside,  of 
which  no  oscillations  of  any  frequpcy  in  the 
boundary  layer  were  observed.  This  curve  has  been 
defined  as  ultimately  neutral  curve.  Dashed  curves 
show  dependences  of  wave  numbers  and  phase 
velocities  on  the  oscillation  frequency  along  which  the 
cluster  of  points  is  layed  out  at  a  definite  velocity  of 
the  main  flow.  Neutral  curves  were  not  plotted 
experimentally  within  these  coordinates. 


Despite  the  scatter  of  the  experimantal  points,  the 
obtained  measurement  results  have  shown  that  certain 
regularities  are  observed  between  the  wave  length  and 
phase  velocity  on  the  one  hand  and  the  oscillation 
frequency  of  the  exciting  motion  -  on  the  other.  These 
reqularities  are,  however,  not  single-valued  and 
depend  on  the  main  flow  velocity. 


Neutral  curves,  plotted  in  non-traditional  coordinates 
"the  wave  number  -  phase  velocity",  have  allowed  to 
obtain  the  empirical  dependences  for  disturbances  that 
develop  with  frequency  of  second  neutral  oscillation 

a6*  =1,4 -10" -^+0,1 5 


-^  =  0,7 -10^ -^  +  0,2 

a.  ul 


(3) 


Here  a=2nlX  -  wave  number  of  disturbing  fluctuation; 
X  -  length  of  Tollmien-Schlichting's  wave;  5*  - 
replacement  thickness,  Pr=27tn  -  circular  frequency;  v  - 
coefficient  of  kinematic  viscosity. 
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4.  PHYSICAL  PATTERN  OF  STAGES  OF 
LAMINAR-TURBULENT  BOUNDARY  LAYER 
TRANSITION 

On  Fig.  10  there  are  schemes  of  different  variants  of 
disturbing  motion  behaviour  obtained  on  the  basic 
of  photoes  of  disturbance  development  visualization 
with  tellurium-method. 

Shown  is  behaviour  of  tellurium  streaks  (a)  as 
frequency  increases,  at  x=cohst.  Amplitude  of  wave 
increases  at  first  and  then  decreases.  On  Fig.  10,  b  the 
streak  behaviour  downstream  is  shown  at  U„,=const  at 
two  vibrator  frequencies. 

While  simultaneous  shooting  from  the  side  and  from 
above,  a  helical  motion  of  streak  (Fig.  10,  c)  was 
found  out,  that  is  non-linear  behaviour  of  w'ave. 

Development  of  disturbing  motion  is  shown  at 
adverse  pressure  gradient.  Fig.  10,  d  and  at  non- 
sinusoidal  oscillation  ofvibratorribbon.  Fig.  10,  e. 

We  have  the  large  enough  amount  of  experimental 
data  in  order  to  conclude  that  at  the  low  turbulence 
level  the  transition  process  is  characterised  by  the 
succesive  change  of  disturbing  motion  types.  The 
model  of  this  succession  was  developed  (Fig.  11)  on 
the  basis  of  the  study  of  the  natural  boundary  layer 
transition  and  the  well-known  results  of  Knapp  and 
Roach,  Klebanoff  and  oth.,  Tani,  Morkovin,  Kline 
and  many  others.  The  wave  transformation  process 
during  transition  to  turbulence  can  be  devided  into  the 
following  stages  (Fig.  1 1): 

-  plane  disturbances  amplification; 

-  wave  modulation  in  phase  -  three-dimensional 
effect  emergency; 

-  generation  of  the  longitudinal  rows  of  A-shaped 
vortices; 

-  arrangement  of  the  longitudinal  vortex  system; 

-  transformation  of  votices  in  form  and  intensity, 
indulation  of  vortices; 

-  breakdown  of  peripherical  parts  of  undulating 
vortices; 

generation  of  turbulent  spots,  their  growth  confluence 
and  turbulent  boundary  layer  development. 

At  present  there  are  two  concepts  explaining  the 
successive  development  of  the  transition  process: 

-  it  is  defined  by  modes  development  and  interaction 
in  a  boundary  layer; 

-  it  is  defined  by  the  vortex  filaments  behaviour. 

Both  concepts  ai'e  reasonable  -  the  conditions  and 
mechanism  of  their  interaction  are  discussed  in  detail 
in  my  book. 

Small  particle  of  liquid  contains  double  information 
concerning  its  movement: 

-  as  the  vibrating  element  it  is  characterized  by 
frequency-wave  and  other  parameters; 

-  as  the  moving  element  it  is  characterized  by 
vorticity,  i.e.  by  the  trajectory  of  its  movement. 


In  any  case  it  is  necessary  also  to  analyse  the  structure 
of  disturbances:  for  example,  the  form  of  linear  and 
nonlinear  waves,  the  form  and  direction  of  vortices 
and,  besides,  the  disturbing  motion  intensity. 

5.  INVESTIGATION  OF  DEVELOPMENT  OF 
DISTURBING  MOTION  ON  CURVILINEAR 
SURFACES 

Regularities  of  disturbances  evolution  and  of 
alternation  of  transition  stages  have  common 
properties  under  different  conditions  of  flat  plate 
flowing. 

For  much  more  approaching  to  real  conditions  of 
flowing,  analogous  measurements  on  curvilinear 
surfaces  have  been  carried  out  (Fig.  13)  [10]. 

In  Figure  13,  cr  there  is  a  visualization  of  profiles  U(z) 
evolution  along  x  on  various  curved  surfaces.  At  plate 
curvature  R=4m,  it  is  seen  that  yet  before  the 
beginning  of  diffuser  region,  still  on  horizontal  part  at 
x=0,3  m  (a),  one  can  see  strong  bend  of  the  profile  in 
comparison  with  that  on  flat  horizontal  plate.  At  the 
beginning  of  diffuser  part  at  x=0.6  m  (b)  a  quite 
stable,  in  time,  flow  braking  happens  along  the 
channel  axis.  Measurements  over  the  most  low  part 
(that  is  higher,  along  y,  above  braked  area)  have 
shown  that  profile  U(z)  was  bended  weakly  at  x=  1 . 1  m 
(c,60  just  as  downstream  at  x=l  .52  m  (e). 

In  convergent  region,  at  x=l  ,8  m  (f,  g)  and  2,15  m  (h), 
the  wave  length  of  longitudinal  vortical  system  as  well 
as  amplitude  of  deformation  decrease  -  that  is  like  a 
stabilization  of  flow  happens  under  influence  of 
centrifugal  forces  and  negative  pressure  gradient. 
However,  now  non-steadiness  of  U(z)-distribution  is 
manifested  greatly,  being  much  more  intensive  than  on 
horizontal  surface  at  large  e.  Change  in  shape  of  U(z) 
takes  place  w'ithin  3  to  8  seconds,  that  is  4  to  6  times 
faster,  especially  at  y>5i  (g,  h).  At  y<5i  non-steadiness 
is  revealed  in  oscillative  motion  of  disturbances  in 
transversal  direction  (/)  rather  than  in  change  of  shape 
U(z),  that  is  in-layer  (layered)  development  of 
disturbances  is  observed.  Zigzag-like  shape  arises  at 
y<5i  and  then  propogates  all  over  the  thickness  5. 

At  smaller  curvature,  distribution  of  U(z)  along  all  the 
working  section  is  constant:  at  R=12m,  x=0,6m, 
y=4-i0-^m  (/)  and  x=0.6  m,  y=6-10-5m  (/).  On  the 
contrary,  at  bigger  curvature  (R=l  m)  the  more 
intensive  deformation  of  profile  takes  place:  x=2,22  m,^ 
y=3-10-’  m  (/c).  Profiles  a,  b.g,  h  have  been  obtained  at 
y=6-10-5  m.  c,  e-  M0--  m,«/  -  2-10--m,/ -  4-10-^m. 

Measurement  concerning  disturbances  development  in 
cylindrical  channel  (Fig.  13,  b)  at  R=lm  has  shown 
that  both  on  convex  and  concave  surfaces  of  the 
channel  distribution  of  U(z),  though  remaining  non¬ 
stationary,  has  much  more  stable  character  than  in 
opened  channel.  Data  for  Fig.  13,  b  are  as  follows: 
U,o=0.044  m/s  (fl-c,  h-j)  and  0.037  m/s  (d-g); 
x=0.8m(n-f),  0.93  m  (d-g),  1.05  m  (h-f)',  yT=2-10-3m 
(a),  610-'  (/)),  1-10-2  (c),  5-10-  (d),  MO-2  (e,A  I-S-IO-’- 
(g),  MO-'  (h),  5- 10  5  (/),  1.5- 10-2  (/).  Non -steadiness  is 
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manifested  mainly  in  oscillation  of  velocity  minimum 
in  transversal  direction. 

6.  BOUNDARY  LAYER  EVOLUTION  ON 
ELASTIC  CURVILINEAR  PLATES 
As  it  was  shown  above,  increase  of  intensity  of  three- 
dimensional  disturbances  and  change  of  their 
parameter  Xv.  has  resulted  in  fast  forming,  in  boundary 
layer  over  elastic  plates,  and  stable  preserving,  at  afl 
stages  of  transition,  longitudinal  vortical  structures 
which  have  minimum  friction  coefficients  (Fig.  14). 

Investigation  of  complex  interactions  has  been  carried 
out  on  curvilinear  plates  at  increased  degree  of 
turbulence  and  on  cylindrical  surface  too.  Intensity  of 
disturbing  motion  was  being  increased  too  by  using 
vortex-generators  B4  which  had  the  twice  height  as 
compared  to  height  of  B3  (Fig.  14).  Like  on  rigid  plate 
(section  2),  measurements  were  carried  out  on  the 
same  curved  bottoms  which  were  stuck  around  with 
sheets  of  elastic  material  of  PE-3  type  having  thickness 
0,003  m  and  0,01  m. 

Under  the  most  unfavourable  conditions  (at  curvature 
radius  R=1  m),  elastic  material  of  0,003  m  thickness 
was  stuck  not  throughout  the  all  surface,  but  in 
longitudinal  stripes  of  )l2=0,042  m  step  (on  flat  rigid 
plate  at  natural  transition,  vortical  systems  had 
^z=0,045  m).  Air  layer  in  non-glued  places  increased 
the  damping  ability  of  elastic  material  [4].  If  on  rigid 
curved  plate  in  duffuser  section  observed  was  separate 
flow',  then  on  elastic  one  -  system  of  longitudinal 
vortices  w'ith  2.z=0,042  m.  Vortex  generators  B3, 
mounted  at  the  beginning  of  diffuser  section,  created 
disturbances  w'hich  suppressed  mentioned  system  of 
longitudinal  vortices  during  natural  evolution  of 
boundary  layer.  However  at  distance  0,2  m  from 
vortex  generators  their  influence  disappeared.  The  step 
of  forced  vortical  structure  corresponded  to  Xz  of 
vortex  generators,  and  deformation  of  U(z)  profile 
was  the  same  pointed  one  (means  non-linearity)  as  on 
flat  elastic  plate  too  as  well  as  on  linear  stages  of 
transition  [10]. 

Once  elastic  material  (of  0,01  m  thickness)  was  pasted 
through  all  area,  its  absorbing/damping  properties 
have  deteriorated.  This  has  resulted  in  that  separate 
flow  arised  in  diffuser  section  as  on  rigid  surface  too. 
Introduction  of  disturbances  by  means  of  vortex 
generators  B3  stabilized  the  flow. 

During  investigation  in  cylindrical  section  there  were 
mounted  vortex  generators  of  different  step  Xz,  then 
U(z)  profiles  were  photographed  along  curvilinear 
section  from  above,  through  the  transparent  lid.  With 
help  of  LDA  and  tellurium  method,  velocity  U(y) 
profiles  were  measured  which  were  used  to  determine 
the  momentum  thickness.  Using  the  character  of 
evolution  of  U(z)-profile  along  elastic  curved  plate, 
parameters  of  neutral  longitudinal  vortical  systems  as 
well  as  systems  of  maximum  amplification  were 
determined. 


In  the  same  way  determined  were  values  of  Xz  and  82 
on  curved  elastic  plates  during  natural  transition  and 
when  introducing,  into  boundary  layer,  three- 
dimensional  disturbances  from  vortex  generators  B3. 
For  neutral  three-dimensional  disturbances  value  of  Xz 
was  equal  Xz=0,01-r0,02  m  on  curved  elastic  plate  of 
0,01  m  thickness,  R=4m,  at  U*=0,033  m/s,  x=2,2m 
and  y-0,006  m.  Corresponding  Gertler's  parameters 
have  the  values:  G=2,l;  a52=0,5-r0,84,  and  for 
becoming  more  intensive  disturbances  introduced: 
Xz=0,028  m,  G=2.1;  a62=0,36.  Just  on  this  plate, 
natural  disturbances  with  Xz=0,05  m  are  characterized 
by:  G=2,I:  a52=0,2.  On  curved  plate  with  R=1  m  at 
U,s=0,213  m/s,  x=  1,35  m,  for  growing  forced 
disturbance  with  Xz=0,02m,  one  has:  G=13,8  and 
082=0,55. 

Pairs  of  parameters  obtained  are  plotted  in  form  of 
points  on  diagram  of  Gertler's  stability  (Fig.  15).  First 
Gertler's  number  for  rigid  curved  plate  is  Go=0,3  and 
for  elastic  one  Go=2,l.  Increased  too  is  the  second 
critical  Gertler's  number  G*  which  characterized 
destruction  of  ordered  motion  in  boundary  layer  and 
transition  to  turbulence.  Like  that,  in  [10]  for  rigid 
surface  during  artificial  generation  of  vortical 
disturbances  it  was  obtained:  G*=6.3.  On  elastic 
surface  for  curved  section  that  was  coiTespondingly 
G’=18,8  and  for  cylindrical  one  (using  B4):  G*=80, 
that  is  3-13  times  higher.  If  one  would  take  into 
account  the  less  velocities  of  growth  too,  then  non¬ 
linear  area  of  transition  when  flowing  elastic  surfaces 
stretched  essentially.  Range  of  values  of  wave  lengthes 
of  unstable  longitudinal  vortices  decreases  too. 

7.  PHYSICAL  SUBSTANTIATION  OF  THE 
MECHANISM  OF  A  FLOW  INTERACTION  WITH 
AN  ELASTIC  SURFACE 

The  static  or  quasi-static  interaction  of  a  flow  with  an 
elastic  surface  is  considered  in  the  majority  of  work, 
and  the  field  of  external  loads  is  represented  as  a  bend 
wave  of  pressure.  At  such  simplified  approach  many 
peculiarities  of  an  elastomer  interaction  with  a 
boundary  layer  are  not  taken  into  account. 

During  the  computation  of  hydroaerodynamic 
interaction  it  is  necessary  to  considerate  the  specific 
schemes  of  an  elastic  surface  and  modes  of  external 
loads  under  various  conditions  of  a  flow  over  for 
construction  and  the  descriptions  of  a  complete 
rheologic  model  of  a  material. 

Principles  of  structural  and  kinematics-dynamic 
interaction  of  a  boundary  layer  with  a  streamline 
surface  are  based  on  development  of  elastic  surfaces 
schemes.  These  principles  are  stated  in  [4]. 

The  structural  principle  consists  in  fulfillment  of 
conformity  between  structures  of  a  disturbing 
movement  in  a  boundary  layer  (or  its  characteristic 
areas)  and  elastic  plate.  It  means,  that  if  there  is  the 
intensive  flat  wave  in  a  critical  layer  on  the  initial 
stages  of  transition,  it  is  desirable  that  an  outside  layer 
of  an  elastomer  had  the  structure  generating  also  flat 
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disturbing  movement  under  action  of  a  pressure  field 
of  a  boundary  layer. 

The  kinematics-dynamic  principle  is,  that  the 
mechanical  properties  of  all  layers  or  outside  layer  of 
a  composite  elastic  plate  should  provide  kinematics 
and  dynamic  conformity  to  the  characteristics  of  a 
boundary  layer.  In  this  case,  energy  of  a  flat  wave  in  a 
critical  layer  on  the  initial  stages  of  transition  should 
be  enough  to  cause  deformation  of  an  outside  layer  of 
an  elastomer.  Thus,  the  frequency  of  forcing  force  of  a 
boundary  layer  should  correspond  to  own  frequency 
of  this  layer  (or  several  layers)  of  elastomer.  Then,  the 
fluctuations  will  appear  in  an  elastomer  under  action 
of  an  external  load,  which  will  damping  an  external 
load  at  a  certain  ratio  with  a  phase  of  forcing  force  . 
In  a  case  of  a  waveguide  structure  of  an  elastomer, 
there  will  be  the  superficial  waves  in  an  elastomer  and 
on  the  wall  -  liquid  border  under  action  of  an  external 
load.  The  energy  of  a  flat  wave  of  a  boundary  layer 
will  be  picked  out  to  maintain  this  waves  and  will  be 
damp  by  that. 

The  coordination  principle  consists  in  fact  that  two 
first  principles  should  take  place  on  length  of  a 
streamline  surface  in  each  place.  In  other  words,  the 
structure  and  properties  of  an  elastomer  (or  its  outside 
layer)  should  change  at  modification  of  structure  and 
properties  of  a  disturbing  movement  in  a  boundary 
layer. 


viscous  sublayer  to  a  structure  of  an  elastic  plate  is 
characterized  by  parameters 


V 


(4) 


(5) 


Here  u,=(tw  /p)''^  -  dynamic  speed,  tw  -  pressure  of 


friction  on  a  wall,  v  r  factor  of  kinematics  viscosity. 


The  distance  between  Kline-stripes  equal  to  double 
length  of  a  wave  Xz  of  longitudinal  whirlwinds  in 
viscous  sublayer  as  it  is  shown  in  [7]. 


The  dynamic  conformity  of  a  disturbing  movement 
and  elastic  plate  is  characterized  by  parameters 


(7) 


where  T  and  f  -  period  and  frequency  of  ejections  from 
viscous  sublayer. 


Here  and  hereinafter  the  efficiency  of  elastic  plates  will 
be  understood  as  set  of  positive  attributes,  testified 
reduction  of  hydrodynamic  friction  resistance  in 
comparison  with  a  case  of  a  flow  around  the  rigid 
standard. 


The  elastic  surface  section  in  region  of  a  stage  of 
longitudinal  whirlwinds  formation  arrangement 
should  have  the  other  structure:  it  should  correspond 
to  a  structure,  sizes  and  direction  of  these  whirlwinds. 
The  structure  of  a  surface  should  correspond  to 
structure  of  current  in  viscous  sublayer  at  a  stage  of  an 
advanced  turbulent  boundary  layer. 


The  measurements  were  carried  out  on  eleven  elastic 
plates  in  the  following  sequence:  the  standard,  1,  la,  5, 
9,  2a,  1  la,  10a,  7,  3,  8a,  11,  the  standard.  The  speeds 
of  the  basic  flow  in  the  appropriate  sections  of 
measurements  are  resulted  in  tab.  1.  The  Reynolds 
numbers  changed  in  7.7-l05-rl.5-10*  limits  in  III 
section  of  the  standard. 


8.  PROFILES  OF  AVERAGE  SPEED  ON  ELASTIC 
PLATES 

Various  kinds  of  monolithic  and  composite  elastic 
plates  established  and  tested  in  an  insert  were 
developed  on  the  basis  of  results  of  researches.  The 
mechanical  characteristics  of  these  plates  were 
measured  with  the  help  both  standard  and  specially 
developed  devices  [4].  A  boundary  layer  on  these 
elastic  plates  both  in  a  hydrodynamic  pipe,  and  in  an 
aerodynamic  pipe  [4]  was  investigated.  In  the  latter 
case  the  tests  were  carried  out  with  the  help  of  a  hot¬ 
wire  anemometer  DISA  at  ~10  and  18  m/s  speeds  of  a 
running  flow.  The  value  of  a  turbulence  degree  of  a 
flow  s  made  about  1.7%  at  U»<10m/s,  and  at 
U*>10  m/s  -  s»2%. 

Calculations  shown  the  majority  of  investigated  elastic 
plates  7t-parameters  were  unoptimum  in  a  range  of 
working  speeds  during  tests  in  an  aerodynamic  pipe. 
Therefore,  it  is  possible  to  explain  positive  effects  fixed 
in  experience  most  likely  not  by  resiliently  damping 
properties  of  elastic  plates,  but  by  fulfillment  of 
structural  and  kinematic-dynamic  principles  of 
interaction  of  a  flow  with  an  elastic  surface.  The 
conformity  of  structure  of  a  disturbing  movement  in 


Except  of  7c-parameters  describing  mechanical 
properties  of  elastic  of  plates  [3, 4j  and  parameters  (4)- 
(7),  essentia!  criterion  determining  efficiency  of 
complex  interactions  is  also  oarameter  of  roughness 


^  K-U,. 

K>-^<5; 

(8) 

V 

KcU*, 

admis-  ^^“<100, 

(9) 

where  Ks  -  height  of  roughness. 

During  flow  around  elastic  plates,  the  "dynamic" 
roughness  caused  by  bend  fluctuations  of  the  whole 
plate  or  by  local  fluctuations  of  the  plate  under  action 
of  a  pressure  pulsation  of  a  boundary  layer  [4]  takes 
place  along  with  the  "static"  roughness.  These 
parameters  are  considered  in  [4]  more  in  detail'. 
Parameter  of  "dynamic"  roughness  was  also  less  then 
allowable  one  in  the  present  measurements. 

The  results  of  measurement  of  average  speed  profiles 
on  the  rigid  standard  are  well  coordinated  with  results 
of  similar  measurements  [2,  5,  6,  8]  and  coincide  with 
the  "1/7"  degrees  law: 


9-7 


^=(y/6)"  (10, 

^00 

During  a  flow  around  elastic  plates,  the  experimental 
points  place  below  reference  curve,  as  though  increase 
the  value  1/n  in  the  sedate  law'  of  speeds  distribution. 
The  profiles  of  speed  constructed  in  linear  scale  in 

form  of  =  f(y  /  5)  find  out  smooth  bends  at  a 

'^cc 

flow  around  elastic  plates,  which  is  typical  for 
complex  interactions  of  various  disturbances  in  a 
boundary  layer. 

The  profiles  of  average  speed  are  resulted  in 
logarithmic  coordinates  in  Fig.  16,  that  enables  to 
study  behavior  of  a  liquid  in  direct  affinity  from  a  wall 
in  more  details.  During  a  flow  around  the  rigid 
standard  (the  series  a),  experimental  points  are  stacked 
along  curve  2  and  3  depending  on  speed  of  the  basic 
flow.  The  vertical  lines  designate  disorder  of 
experimental  points.  The  curves  1  and  2  characterize 
the  flow  in  attached  to  wall  area  and  have  an  identical 
inclination.  Their  distinction  is  caused  by  different 
values  of  the  Reynolds  numbers  and  especially  by  a 
turbulence  degree  of  the  basic  flow  in  aerodynamic 
pipes.  The  curve  3  corresponds  to  greater  Reynolds 
number  and  smaller  thickness  of  viscous  sublayer,  and 
also  has  other  inclination  in  attached  to  wall  area  in 
comparison  with  a  curve  2. 

Thus,  profiles  of  speed  in  logarithmic  coordinates 
allow  to  determine  thickness  of  vi.scous  sublayer  and 
characteristic  inclination  of  a  profile  in  attached  to 
wall  area.  A  role  of  this  inclination  and  metrology 
kind  of  the  profile  form  are  estimated  in  a  series  of 
measurements  b. 

The  curve  9  designates  Blasius-profile  received  on  the 
hydrostand  at  a  low'  degree  of  turbulence  (the  first 
stage  of  transition)  on  rigid  and  elastic  plates.  The 
profile  remained  rectilinear  (curve  10)  during  heating 
of  elastic  plate. 

Increase  of  a  turbulence  degree  resulted  in  change  of 
Blasius-profile  (curve  5);  the  rectilinear  dependence 
was  changed  to  parabolic  one  (II  stage  of  transition). 
With  growth  of  speed  and  alternation  of  transition 
stages  the  form  of  profiles  remains  parabolic  but  ever 
more  comes  nearer  to  form  characteristic  for  a 
turbulent  profile;  curve  6  -  IV  stage  of  transition, 
curve  7  -  VT  stage  of  transition.  We  shall  note  a  good 
conformity  of  the  profile  form  (curve  4)  to  transitive 
profiles  [10].  At  last,  the  form  of  profile  becomes 
again  rectilinear  but  with  other  inclination  than  at 
curves  9,  10  in  a  turbulent  boundary  layer  (curve  8)  in 
viscous  sublayer. 

It  is  possible  to  characterize  property  of  the  average 
speed  profile  on  elastic  plates  on  the  basis  of  these 
data.  For  convenience  of  the  analysis,  the  plates  on 
Fig.  16  are  grouped  as  follows.  The  results  of 
measurements  on  an  open  sheet  of  a  polyurethane 
foam  (r)  and  pasted  over  outside  by  an  elastic  film  (d), 


in  series  c,/.  g,  i  -  on  compliant,  and  in  series  j,  k,l,m- 
on  elastic  plates  are  listed  in  series  c,  d.  In  a  series  /, 
the  plate  10  a  can  be  related  simultaneously  to  elastic 
and  rough  plates  owing  to  its  structure  and  properties. 

Thickness  of  viscous  sublayer  is  important 
characteristic  for  a  physical  picture  of  a  liquid  flow  in 
a  turbulent  boundary  layer  and  for  closing  of  its 
various  half-empirical  theories.  There  are  few 
techniques  of  this  value  determination.  So,  the 
formula  for  calculation  of  viscous  sublayer  thickness 
is  offered  in  work  of  Niysing  on  the  basis  of  viscous 
sublayer  analogy  to  a  laminar  boundary  layer: 


where  xo  -  extent  of  viscous  sublayer  up  to  an  ejection 
or  its  destruction,  and  uo  -  speed  on  external  border  of 
viscous  sublayer  at  the  moment  of  its  destruction. 

A  few  ways  of  viscous  sublayer  thickness 
determination  are  cited  in  [4,  8],  the  most  simple  of 
which  are  two:  on  vertical  coordinate  of  a  longitudinal 
pulsating  speed  maximum  and  on  a  conditional  point 
of  crossing  of  the  speed  profiles  laws  in  viscous 
sublayer  and  area  of  the  logarithmic  law. 

On  the  basis  of  the  dimension  theory  Karmann 
offered  a  simple  ratio  for  calculation  of  viscous 
sublayer  thickness  : 

(12) 

V-Cw  /  P 

Factor  a  was  made  11.6  on  Nikuradze  tests. 
According  to  theoretical  conclusions,  the  turbulent 
movement  along  a  rigid  plate  is  characterized  by  two 
empirical  constants:  Kw0.4l  and  a»l  1.5,  and  the  value 
a  is  defined  by  the  formula 


V 

The  value  a  can  be  determined  also  from  a  ratio 

u"-a-2.51n  a+2.51n  y  ,  (14) 

where  u^  and  y+  are  chose  from  a  point  of  the  specified 
speeds  crossing. 

Experimental  data  have  recently  collected,  from  which 
follow's  that  a=10-:-12.5,  and  K=0.39-r0.41. 

We  shall  calculate  constant  a  for  researched  plates 
according  to  the  formula  (13).  The  value  6l  was 
counted  by  experimental  data  Fig.  16,  on  a  point  of 
laws  of  a  profiles  in  viscous  sublayer  and  logarithmic 
area  crossing,  and  the  value  u-  was  determined  by  a 
method  of  Klauser  [4].  The  results  of  calculations  are 
shown  in  tab.  2.  The  received  dependence  8L/5=f(Re**) 
is  completely  coordinated  with  data  of  work  [2, 7,  8]. 

Measurements  on  a  rigid  plate  shown  amid=  11.55. 
However,  at  smaller  speed  a>araid,  and  at  greater  one 
a<amici.  It  occurs  due  to  fact  that  the  value  u^  grows 
slower  than  5l  decreases  with  growth  of  Uo^.  In  the 
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majority  of  tests  on  elastic  plates,  increase  of 
parameter  a  at  the  expense  of  viscous  sublayer' 
thickness  growth  was  fixed,  as  thus  U;  decreased. 
Values  5l/6  increased  accordingly. 

In  series  of  tests  e,f,  g,  as  well  as  in  series  c,  d  (Fig.  16) 
elastic  plates  were  tested,  the  outside  layer  of  which 
was  made  from  monolithic  plates.  At  plates 
investigated  in  these  series  the  thickness  of  an  outside 
layer  was  increased  so  that  the  thickness  of  a  plate  in  a 
series / was  in  1.5  and  in  a  series  g  -  in  2.5  times  more 
than  in  a  series  e.  The  influence  of  the  mechanical 
characteristics  to  efficiency  of  complex  interactio.ns 
was  studied  on  ail  these  plates.  According  to  criteria 
of  similarity,  the  efficiency  of  interaction  depend  on 
Reynolds  number:  factor  a  indirectly  testified  to  it  and 
depend  on  a  place  of  measurement  on  a  plate  and 
speed  of  a  running  flow.  In  a  series  e  the  value  a 
increased  at  greater  speed  of  a  flow-around  only  in 
sections  III  and  Ilia. 


As  a  whole,  the  efficiency  of  compliant  plates  much 
depend  on  the  mechanical  characteristics  and 
appreciably  changed  at  their  small  deviations.  For 
elimination  of  this  lack  the  compliant  plate  was  made 
so  that  it  generated  from  below  system  of  longitudinal 
whirlwinds.  The  test  of  such  plate  (10a)  shown 
essential  increase  of  5l  and  a,  and  the  form  of  a 
profile  in  viscous  sublayer  become  transitive 
(parabolic). 


As  the  elasticity  of  this  plate  increased,  it  can  be 
related  to  elastic  plates,  the  analysis  of  which  should 
be  made  according  to  principles  and  criteria  (4)-(7). 
Determination  of  these  criteria  was  made  as  follows 


(tab.  3).  The  value  and  frequency  of  ejections  from 


viscous  sublayer  fj^  for  the  standard  are  accepted  the 
same  as  in  tests  [7].  By  using  the  formulas  (6),  (11),  the 
period  of  viscous  sublayer  updating  is  determined 
from  a  ratio 


i^4.64v; 


(15) 


As  in  the  formula  (1 1),  the  value  8^  is  understood  as 
thickness  of  viscous  sublayer  including  laminar  and 
buffer  layers  ,  it  was  determined  from  crossing  curves 
of  a  speed  profile  in  a  turbulent  nucleus  and  in  buffer 
zone.  The  values  8l  accordingly  is  more  than  in  tab. 
2,  and  it  is  more  convenient  to  determine  them  from 
profiles  of  speed,  given  in  universal  coordinates.  The 
calculation  made  for  I  section  and  the  speed 
U„=10.15  m/s  on  rigid  plates  determined  T''=215,  and 
F=4.65'10-’,  that  is  well  coordinated  with  known  data. 


For  compliant  plates  is  taken  from  the  tab.  3  the 

same  as  for  the  standard.  Thus,  underestimated 
as  follows  from  results  of  measurements  of  correlation 
factors.  The  value  is  determined  by  results  of 
measurement  of  frequency  of  elastic  plates  own 


fluctuations,  as  fluctuations  of  a  plates  surface 
influence  strongly  on  ejections  from  viscous  sublayer. 

For  elastic  plates  was  determined  on  the  basis  of 

their  outside  layer  design,  -  on  measurements  of 
dynamic  properties  of  plates. 

The  compliant  plates  1,  la,  9  and  10a  are 
characterized  by  such  values  f^,  that  according  to  a 
hypothesis  about  preexplosive  modulation  [9]  they 
could  effectively  cooperate  with  a  boundary  layer  at 
the  expense  of  regulation  of  ejections  from  viscous 
sublayer  frequency.  However,  this  mechanism  does 
not  work  because  of  their  large  compliance, 

conformity  of  large  values  in  tab.  4  to  small  values 
a  in  tab.  2  testifies  about  that. 

The  efficiency  of  such  compliant  materials  elasticity  of 
which  increased,  can  be  increased  at  the  expense  of 
increase  of  structural  interaction.  Really,  the 

increasing  values  a  corresponds  to  A,2=201-^252  at  a 

plate  10a.  also  increased  up  to  200  at  polymeric 
solutions.  The  same  tendency  is  fixed  at  large  negative 
gradients  of  pressure. 

All  elastic  plates  (see  Fig.  16,  series  J,  k,  I,  m)  without 
exception  are  characterized  by  increase  of  values  a  (up 
to  two  times  in  comparison  with  the  standard).  Thus, 

was  either  the  same  as  the  standard  had,  or  less  in 

I. 5^2  times,  and  -  in  1.5-h5  tim.es  more. 

It  is  obvious  that  the  efficiency  of  these  plates  is 
caused  by  the  mechanism  of  preexplosive  modulation 

(f^  increased).  However,  the  principle  of  structural 
interaction  plays  an  essential  role.  So,  the  maximum 
increase  of  viscous  sublayer  thickness  is  fixed  at  a 

plate  1 1 ,  which  X\  twice  times  less  than  the  standard 
have.  But  taking  into  account,  that  ~Xz  of  vortical 
system  in  viscous  sublayer  of  the  standard,  also  in 
twice  times  less  then  Kline-stripes,  there  is  the  good 
conformity  Xz  of  vortical  system  to  distance  between 
longitudinal  structures  in  an  elastic  material.  From 
here  follows,  that  Xz  of  an  elastic  plate  structures  have 
to  be  either  equaled  to  Xz  of  longitudinal  vortical 
system  in  viscous  sublayer,  or  to  be  twice  more  to 
correspond  to  "peaks"  or  "valleys"  of  whirlwinds. 

II.  CONCLUSIONS. 

Results  of  researches  adduced  before  allow  to  make 
the  following  conclusions  concerning  effects  of  a  flow 
interaction  with  elastic  plates: 

-  Simple  membrane  plates  accelerate  or  slow  down 
the  change  of  transition  stages,  increase  or  reduce 
area  of  unstable  frequencies  of  flat  disturbances 
and  number  Rei.s.,  depending  on  their  structure  and 
mechanical  characteristics; 

-  The  elastic  plates  promote  of  longitudinal 
whirlwinds  system  formation  in  a  boundary  layer; 
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-  Change  of  a  current  structure  and  character  of 
disturbing  movement  in  a  boundary  layer  is  fixed 
at  a  flow  over  of  elastic  plates.  If  the  boundary 
layer  is  considered  as  a  waveguide,  the 
characteristics  of  a  waveguide  can  be  adjusted  by 
changing  of  property  and  structure  of  a  streamline 
surface.  For  example,  it  is  possible  to  organize 
longitudinal  vortical  systems  in  a  boundary  layer 
with  the  help  of  elastomers  the  properties  of  which 
vary  periodically  in  a  given  direction. 
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The  thickness  of  viscous  sublayer  determined  on  Fig.  7. 
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Figure  1  The  sketch  of  the  hydrodynamic  channel  test  section  with  devices 

1  —  the  te-^st  section;  2  —  vortex  generators;  3,4  ^  tellurium 
wire  wiLh  a  holder,  5  -  anode  (visualization  system),  6,7  - 
photui  cgistration  system,  S~ll  --  inOving  truck  with  devices, 
12-19  -  system  o-f  laser  anemometry. 
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Fig.U.  The  physical  model  of  the  disturbances  type  successive  transformation  during  the  tran¬ 
sition  to  turbulence;  a  —  amplification  of  plane  disturbances;  b  —  phase  modulation  of  the 
wave,  three-dimensional  effects  appearance;  c  —  amplitude  modulation  of  the  wave,  ’’peaks” 
and  ’’valleys”  forming;  formation  of  longitudinal  rows  of  A  —  shaped  vortices;  d  —  organiza¬ 
tion  of  the  longitudinal  vorteces  system;  e  —  vorteces  form  and  intensity  changes  in  space  and 
time;  transition  to  a  zigzag  trajectory  of  the  vorteces  movement;  breakdown  of  peripherical 
parts  of  the  meandering  vortices.  Active  formation  of  turbulent  spots,  their  growth,  amalga¬ 
mation  and  turbulent  boundary  layer  development. 
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Rg. 16, Distribution  ot  iongrtudinal  averaging  speed  on  thickness  of  a  boundary  iayer  on 
the  standard  (a),  rigid  (b)  and  elastic  plates  5  (c),  2a  (d).  9  (e.).  la  (f ),  1  (g), 
10a  (i-,),  11a(j  ).  11  {j<).  8a  (f,;).  3  (M): 

1,4  -  data  from  wori<  {,8  ]  for  turbulent  and  transitive  boundary  layers 
accordingly; 

2,  3  -  measurement  at  small  and  large  speeds  of  a  flow  accordingly; 

5,  8  -  measurement  on  the  hydrostand  at  various  stages  of  transition  at  U® 
equal  to  0.1;  0.18;  0.27  and  0.6  m/s  f,,: and  s>0.1%  accordingly; 

9  -  the  same  atU£o=0,08-r0.15  m/s  and  at  e<0.05%  on  rigid  and  elastic  plates; 

10  -  as  well  as  9,  but  at  a  heating  of  a  membrane  surface  {^3].  The  other 
designations  are  given  in  tab.  3. 
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MODELmG  OF  TURBULENT  NEAR;- WALL  SHEAR  FLOWS  PROPERTIES 

V.T.  Movchan, 

E.A.  Shkvar 

Department  of  Higher  Mathematics, 

Kiev  International  University  of  Civil  Aviation, 

Cosmonaut  Komarov  ave.  1,  Kiev,  252058,  Ukraine, 
fax:  (044)  488-30-27 


SUMMARY 

The  given  paper  deals  with  mathematical  and 
numerical  modeling  of  shear  flows  in  the  vicinity  of 
boundary  layer.  The  half-empirical  algebraic 
models  of  turbulent  viscosity  and  turbulent 
conductivity  coefBcients  for  predictions  of  two-  and 
three-dimensional  gradient  flows  on  smooth  and 
rough  surfaces  are  proposed.  These  models  of 
turbulent  exchange  coefficients  can  be  effectively 
applied  both  for  approximate-analytical  and 
numerical  solutions  of  flows  charax:teristics  on  fixed 
or  moving  surfaces.  The  results  of  approximate  - 
analytical  and  numerical  predictions  of  different 
kinds  of  boundary  layers  are  presented. 

LIST  OF  SYMBOLS 

o  empirical  coefficients  in  Eq.(9). 

B  constant  of  logarithmic  law  for  shear  flow 
over  rough  surface,  dimensionless 
Cf  skin  friction  coefficient,  dimensionless 
Cf  spedfic  heat  at  constant  pressure,  J/kg  K 
Cm  constant  of  logarithmic  law  for  shear  flow 
over  smooth  surface,  dimensionless 
D  integral  characteristic  of  velocity  profile,  m 
H  shape  factor, dimensionless 

k  model  coefficient,  dimensionless 
I  mixing  length,  m 
JV  anisotropy  coefficient,  dimensionless 
p  pressure,  kg/m  s  ^ 

Pr  Prandtl  number,  dimensionless 
q  heat  stream  density,  J/m  *  s 

momentum  -  deflect  tMckness  Reynolds 
number,  dimensionless 
Re^  Reynolds  number  of  liquid  film, 
dimensionless 
T  temperature,  K 
u  velodty,  m/s 

Ulo  velodty  of  motion  of  liquid  -  gas  phase 
separation  boundary,  m/s 
Uk  free  stream  velodty,  m/s 
Umax  maximum  value  velodty  of  near- wall  jet 
velodty  profile,  m/s 

lJmi%  minimum  value  vdodty  of  near-wall  jet 
velodty  profile,  m/s 
Vi,  shear  velodty,  m/s 
X  axis  of  ortogonal  coordinate  system,  m 

Greek  symbols 

surface  cross  flow  angle 
wall  shear-stress  angle 
7  intennittency  function,  dimensionless 


S  shear  flow  thickness,  m 

6*  displacement  thickness,  m 

fi**  momentum  -  deflect  thickness,  m 
A  RottarCIauser  parameter,  dimensionless 
AT  shift  of  logarithmic  part  of  the  temperature 
profile,  K 

Au  shift  of  logarithmic  part  of  the  velodty 
profile,  m/s 

Ax2  roughness  influence  function,  m 

A  heat  conductivity  coeffident,  W/m  K 

ji  absolute  coeffident  of  viscosity,  kg  m/s 
V  kinematic  coeffident  of  viscosity,  m^/s 
e  density,  kg/m® 

T  shear  stresses,  kg/m  s^ 

f  non-dimensional  shear  stresses 
X  model  coeffident,  dimensionless 

Xi  model  coeffident,  dimensionless 

X2  model  coeffident,  dimensionless 

Fedyaevsky  parameter,  dimensionless 

Subscripts 

j  parameter  in  joint  point 

L  parameter  for  liquid 

h  parameter  for  heat  transfer  processes 
n  direction  of  secondary  flow 

r  summary  velodty 

s  direction  of  main  flow 

t  turbulent 

w  wall 

E  summary  parameter 

1  INTRODUCTION 

Nowadays  there  is  a  good  choice  to  use  the  most 
simple  and  calculatively  effective  algebraic  models 
of  turbulent  exchange  coeffidents  in  the  process  of 
prediction  of  turbulent  boundary  layer  properties. 
Meanwhile,  modeling  on  algebraic  level  can  meet 
some  problems  to  be  overcome.  They  are:  pressure 
gradient,  low  Reynolds  numbers,  pecuflarities  of 
flow  development  influences  and  difficulty  of 
turbulence  structure  description.  The  aim  of  the 
present  paper  is  to  discribe  a  new  approach  for 
modeling  of  turbulent  viscosity  and  turbulent 
conductivity  coeffidents,  which  has  been  proposed 
and  worked  out  by  authors. 

•j  TURBULENT  VISCOSITY 
MODEL  (TVM) 

TVM  for  turbulent  boundary  layer 

The  given  method  of  simulation  is  based  on  the  fact 

that  coeffidents  of  turbulent  exchange  are  presented 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water”, 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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by  means  of  one  continuous  dependence  along  the 
shearing  layer  thickness.  This  allows  to  take  into 
account  the  effects  of  nonlinear  interaction,  to  avoid 
the  problem  of  joining,  to  create  some  advantages 
during  elaboration  of  the  design  method.  In  case  of 
three-dimensional  turbulent  tow  the  modification  of 
Rotta’  approach  has  been  worked  out.  According  to 
this  the  turbulent  viscosity  coefficient  for  boundary 
layer  applications  can  be  presented  as  follows 


'33  ' 


(j/t)l3  =  (1/4)31  =  uf  =  u^  +  ul,  (1) 

where  (vt)ij  (i,j  =  1,3)  -  components  of 
turbulent  viscosity  tensor;  vt  -  scalar  turbulent 
viscosity;  N  =  Utn/vu  ~  non-isothropy  coef&dent; 
s,n  -  directions  of  main  and  secondary  flows 
respectively;  w*  -  velocity  projections  on  ortogonal 
coordinates  directions  (A  =  1,2,3)  where  xi 
and  ara  being  in  the  plane,  tangentional  to 
streamlined  surface  and  sj  axis  is  normal  to  this 
plane.  Scalar  turbulent  viscosity  is  expressed  by  the 
continuous  equation  for  the  shearing  layer  thickness 


i'i  =  xUhD-i  tanh 


xUkD 


(2) 


where  x  ~  Cflauser  coefficient;  14  -  free  stream 
velocity;  D  -  integral  characteristic  of 
three-dimensional  velodty  profile;  v,i  =  yfrifo.  - 
shear  velodty;  4  =  Tkfr^ak  -  non-dimensional 
shear  stresses  in  the  wall  vidnity;  q  —  density;  1  - 
mixing  length;  7  =  y/l—ri  -  the  function  with 
effect  of  non-continuous  turbulence  (intermittency 
function);  7f  =  X2/S  -  non-dimensional  lateral 
coordinate;  S  -  shear  layer  thickness.  To  calculate 
the  above  mentioned  parameter  D  two  approaches 
have  been  used,  one  elaborated  by  Cebed  and  other 
-  by  Mellor,  Herring.  According  to  these 


s 

Ol=  j{l-^)iX2\ 
0 


Calculation  of  n  have  been  done  using  the 
expressions: 


n  = 


1  +  <b*J7, 
l/(l-cl>i>7). 


if  >  0; 

if  <  0, 


where  -  parameter  of  Fedyaevsky; 

^  -  pressure  gradient  along  the  axis  Xk. 
hfixing  length  is  expressed  by 


I  =  kx2*  tanh 


siah°[xigj;]  tanh{sinh^[X2g2;]} 


(4) 


where  k  —  0.4,  x  =  0.0168  —  0.0215  xi  = 
0.068  —  0.072,  X2  =  0.023  -  model  coeffidents; 


u*E  =  (v*i  +  -  total  shear  velodty; 

X2*  =  X2  +  Ax2  ;  x^  =  X2Vts/nu;  Ax2  - 
roughness  dynamical  influence  function; 

Aa;j  =  Ax2V»ti/u.  The  better  way  is  to  determine 
model  coeffidents  with  using  the  dependences 

X  =  /i(||),  k  =  /2(^),  xi  =  X2  = 

which  have  been  found  by  V.T.  Movchan  [14]  as  a 
result  of  numerical  experiment.  They  are 


X2  =  X2o(l  +  30, 18p+); 

Xi  =  XioXib(1  + 15, 09p+rir2); 
k  =  0,4-f-0, 182  (1  +?■*■)  (1  -  ,  ifp+  >  -1; 

A  =  0,4-i-58,51^(l-e“°>“i^),  if  p+ <  -1; 

X  =  X/i  {0, 0095  +  1/  [74, 6  -h  (2, 4  +  /?)2] } ; 
n  =  1  -  0,  +  0, 5e-'’-2“^;  xio  =  0, 072; 

X20  =  0, 223;  r2  =  l  _e-w.i628p+//)^g-3€i,4ip+/^. 

Xifl  =  1  +  0, 01  [1  -  ,  Z  =  R**- 10-^ 

v  ’  9ar’  Tws  dx' 

X„  =  1,55/  [1  +  0,55  (1  -  e-o>2«3^/^-h298l^l  . 

R** 

^^  =  425  -^’ 

The  mentioned  above  roughness  dynamical 
influence  function  is  determined  by  the  following 
equations 


_  /  aJct“iii(XiAw+)/xi, 

\  A+exp(-*B(h+)), 


if  <  hp, 
if  h+  >  fit; 


(5) 


Aw+  =  |lnA+-B(h+)-HC.,„; 

=  ^2j  exp  {kB{hf)) , 

where  Au'*'  -  shift  of  logarithmic  part  of  the 
velodty  profile  in  half-logarithmic  coordinates 
relative  to  its  position  in  case  of  smooth  surface;  h 
-  roughness  height;  =  hv^Ttfv  ;  B  -  constant 
in  Nicuradze  equation  for  velodty  profile  at  rough 
surface;  C»m.  ~  logarithmic  law  constant  for  smooth 
surface;  X2j  -  the  joining  point  coordinate  of  buffer 
and  logarithmic  zones.  The  value  of  X2j  is  defined 
as  the  level  of  smoothness  of  velodty  profile  in  the 
joining  point 


^  co8h*(a;+.  +  Ax+)  ^  ^ 

’^2}  —  t - ~r~z  ~  > 

A!^H-p+n+. 


(6) 


where  p+  =  (j//  (5^,2))  -  pressure  gradient 

parameter,  v  -  kinematic  viscosity.  When  the 
streamlined  surface  is  smooth 
Aa;^  =  0,  fe  =  0.4,  x  =  0.072  and  x^  «  26. 


Modification  TVM  for  near-waU  jet 
In  the  case  of  near-wall  jet  characteristics 
prediction  the  model  of  turbulent  viscosity  [1-6]  is 
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used  in  the  frame  of  neax-waJl  flow  (0  <  «  <  Umax) 
an  is,  but  with  following  two  differences.  1) 
Ihtermittency  is  absent,  that  is  why  intermittency 
function  is  determined  as  7  =  1.  2)  Pree-stream 
velocity  Uk  in  [2]  is  replaced  onto  maximum 
velocity  significance  Umax- 

In  the  jet  region  {Umax  <  u<  Umin)  the  well-known 
tra;(iitional  Clauser’  approach  has  been  used 

—  Xi^j{^m.ax  ”  Umin)'1^ 

where  Xj  =  0.011,  -  empirical  coefficient;  Sj  - 
thickness  of  the  jet  region; 

In  the  wake  region  {Umia  <u<  Uh)  the  mentioned 
above  approach  has  been  used  too 

=  Xa)^v){U)i 

where  Xio  =  0.011,  -  empirical  coefficient;  6j  - 
thickness  of  the  wake  region; 

Modification  TVM  for  two-phase  shear  layer 
with  phase  separation  boundary 
In  this  case  shear  flow  may  be  presented  as  two 
layers,  one  of  whicfli  (ie  gas  boundary  layer)  is 
located  over  thin  liquid  film,  which  is  spread 
immediately  at  the  streamlined  surface.  It  is 
obviously,  that  the  gas-liquid  boundary  is 
moveable.  In  connection  with  this  circumstances 
the  TVM  for  gas  flow  can  be  used  in  the  same  form 
as  [1-6]  equations,  but  with  following  modification 
of  velodty  scale  in  wake  region  of  gas  shear  flow. 
Pree-stream  velocity  Uk  in  [2J  is  replaced  onto  value 
{Uh  —  Ux,o)i  where  Uto  ~  vdodty  of  motion  of 
liquid-gas  separation  boundary. 

S  TURBULENT  HEAT 
CONDUCTIVrrY  MODEL 


Turbulent  heat  conductivity  is  expressed  by  the 
continuous  equation  for  the  shear  layer  thickness 


At  =  APrxfe.Av*ED7  tanh 


4(u; 


XhUhD 


h  =  tanh 


sinh^(Xife/(Pr)j7^^)v.z; 


(7) 

(8) 


where  A  -  molecular  heat  conductivity  coefficient; 
Xh  =  0.0217,  kh  =  0.44,  xia  =  0.0743  —  model 
coefficients;  Pr  -  molecular  Prandtl  number; 

X2,k  =X2  +  Ax2k  ;  Aa;2fc  -  roughness  influence 
function  on  heat  transfer  processes;  /(Pr)  - 
empirical  function  of  Prandtl  number,  which  can  be 
presented  as  follows 


/(Pr)  =  ^ailg'-^Pr,  (9) 

i=l 

where  ai  =  1,  0-2  =  1.124,  03  =  —0.363,  04  = 
0.538,  as  =  -0.136,  ae  =  0.0344.  The 
roughness  influence  function  for  heat  conductivity 
is  determined  by  the  following  equations 

^  ^  r  arctanh(xf^Ar+/Pr)/x{fc,  if  r+  <  if; 
\  exp(4(AT+-C.„,)),  ifr+>2f; 

(10) 


A2f  —  —  Inx^j  +  Ch  tmt 

where  x(h  =  Xih.f{Pr)  ;  Ar+  -  shift  of  _ 
logarithmic  part  of  the  temperature  profile  in 
hdf-logarithmic  coordinates  relative  to  its  position 
in  case  of  smooth  surface;  Ck  sm  -  constant  of 
logarithmic  law  for  temperature  distribution  over 
smooth  surface;  $m  ~  tte  coordinate  of 
joining  point  of  buffer  and  logarithmic  zones  for 
temperature  profile.  The  value  of  X2ki>m  is 
defined  as  the  level  of  smoothness  of  temperature 
profile  in  the  joining  point  in  connection  with 
following  expression 


X 


2hj  em 


C06la^{XlX^i  ,m) 

kk\Jl  .m 


(11) 


In  case  when  secondary  flow  is  absent  the  models 
Eq.(l  -  11)  are  transformed  into  the 
two-dimensional  versions  which  has  well  proved 
itself.  The  application  of  these  two-dimensional 
models  for  different  types  of  boundary  layers  allows 
to  set  the  relation  between  model  coefficients  and 
the  parameters  of  the  flow  itself.  These  models  can 
be  also  applied  for  the  description  of  turbulent 
viscosity  in  the  wall  region  of  wall  jets  and  also  in 
case  of  two-phase  flows  with  phase  separation 
(fluid-air). 


4  APPROXIMATE-ANAIYTICAL 
SOLUTIONS 


The  next  advantage  of  this  approach  of  simulation 
is  the  elaboration  of  approximate- analytical 
solution  for  stress  friction  distribution  across  the 
boundary  layer  and  profiles  of  velocity  and 
temperature.  These  distributions  correspond  well 
with  the  law  of  simularity  applied  to  wall  flows.  For 
example,  in  case  of  two-dimensional  flow  on  smooth 
surface  under  the  influence  of  adverse  pressure 
gradient  the  shear  stress  distribution  in  cross 
section  of  the  boundary  layer  is  well  approximated 
by  means  of  the  equation 

T  =  T„(l-:7)  -f  (1  -f  <t>)ri  -  (2  ■+■  ^)77“  tanh  > 

^(12) 

where  A  =  UhD/vmi:  -  Rotta-Clauser  length 
parameter. 

Equations  (2-4,  12)  allow  to  find  the  following 
velocity  profile  in  buffer  and  viscous  zones: 


n+  = 


^  tanh(xig2  )  - 

Xi 

+  “ 
s=  — . 


Xi 


ln[cosh(xia;J)I, 

(13) 


By  using  Fourier  equation  with  expressions 
Eq.(7,8),  we  are  found  the  temperature  distribution 
in  mentioned  above  zones  as 


T+  =  -^  tanh(x{;i4).  ^  ^  (14) 

via 
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where  ?«,/(eCpV*);  -  heat  stream  density; 

Cf  -  specific  heat  at  constant  pressure;  Tg,  - 
temperature  of  waJl.  The  expressions  for  velocity 
and  temperature  distributions  in  logarithmic  zone 
of  turbulent  boundary  layer  may  be  presented  as 
follows: 


I 

k 


In  —  +  2^1  +P+X+ 

yl  +  y*’®3  +1 

T+  =  -^Inx+-|-Cfe,„.. 


(15) 

(16) 


In  case,  when  pressure  gradient  is  zero,  these 
constants  may  be  determined  with  using  following 
expressions 


=  ^taah(xia;J'  ,„)  -  ^lu®+. 

Ck  >m  =  “7"  l^a4ih(xf^a:^j  ,„)  -  »fji’ 

xik  kk  ^ 

The  same  approaches  have  been  used  to  get 
expressions  for  distributions  in  outer  regions,  under 
favourable  pressure  gradient,  vdth  or  without 
suction  or  injection  through  the  streamlined  surface 
and  in  case  when  the  surface  is  rough.  The 
calculated  results  are  compared  with  experimental 
data  and  we  can  get  the  relationship  of  models 
coefficients  versus  pressure  gradient  and  low 
Resmolds  parameters  and  etc.  The  results  of 
comparison  between  velocity  profiles,  which  were 
obtained  by  expressions  for  rough  surface  (line), 
and  experimental  data  of  M.D.  Millionschikov  [1] 
for  pipes  with  different  technical  roughness  of 
surface  (drcles)  are  shown  on  Big.  1.  Figure  2  is 
presented  the  correlation  of  temperature 
distributions  Eq.(14,  16)  (line)  and  experimental 
data  of  N.M.  GaJin  and  P.L.  Krillov  [2]  for 
boundary  layers  on  smooth  surface  with  different 
values  of  Prandtl’  number  (drcles). 

S  NUMERICAL  PREDTCTIQNS  AND 
THE  RESULTS  OF  THEIR  COMPARISON 
WITH  EXPERIMENTAL  DATA 

To  evaluate  the  characteristics  and  the  fields  of 
application  of  the  given  turbulent  viscosity  modd 
we  have  used  it  in  some  numerical  methods  of 
turbulent  boundary  layers  predictions.  They  are: 
differential-difference  (direct  line  method)  according 
to  which  the  boundary  layer  equations  are 
transformed  into  a  system  of  ordinary  differential 
equations;  two  versions  of  grid  method  which  are 
based  on  finite-difference  patterns  of 
Crank-Nicolson  and  Pasconov,  Polezhaev,  Chudov 
[3].  Besides,  the  applications  of  the  modd  in  the 
frame  of  integral  method  has  been  also  analysed.  It 
has  been  stated  that  the  most  applicable  method 
from  the  point  of  view  of  necessary  accuracy  and 
high  effectiveness  of  separated  turbulent  boundary 
layer  computation  is  the  grid  method  based  on  the 
pattern  suggested  by  Pasbonov,  Polezhaev,  Chudov. 
The  ^ven  pattern  ensures  noniterational  algorythm 
for  solution  on  each  step  along  the  evolutionary 


coordinate  and  effectivdy  stabilizes  disturbances  of 
computation.  The  results  presented  in  the  paper 
have  been  obtained  with  the  hdp  of  this  version  of 
the  grid  method.  It  should  be  noted  that  the 
divergency  of  computations  when  other  methods 
have  been  used  is  in  the  limits  of  data  scattering 
and  is  practically  the  same.  But  the  computations 
with  the  help  of  integral  method  ensure  satisfactory 
correlation  with  experimental  data  only  in  case  of 
small  pressure  gradients  and  did  not  allow  to  the 
forecast  the  separation  process. 

Figures  3-5  present  the  results  of  comparison  of  the 
given  computation  (continuous  line)  with 
experimental  data  (drdes)  and  also  with 
predictions  given  by  the  different  authors 
(interrupted  lines).  All  the  results  refer  to 
separated  flows  under  influence  adverse  pressure 
gradient:  l)MoBe6  experiment  (id.3800)  on 
two-dimensional  boundary  layer  with  smooth 
surface  [4]  (Fig.  3);  2)  Scottom-Power  experiment 
on  two-dimensional  boundary  layer  with  rough 
surface  [5]  (Fig.  4);  3)  Van-Den-Berg  and  Elsenaar 
experiment  on  infinite  swept  wing  [6]  (Pig.  5). 

Figure  6  demonstrates  the  application  of  presented 
here  approaches  for  calculation  the  two-phase  flows 
with  phase  separation  boundary  (liquid-gas).  In 
this  case  laminar  liquid  film  covered  the  streamlined 
surface  and  spread  under  influence  of  shear  stresses, 
which  are  generated  in  turbulent  boundary  layer  of 
gas  over  the  liquid  film.  The  phase  separation 
boundary  is  considered  as  wavy  and  moveable. 
According  to  this  the  model  of  turbulent  viscosity 
has  been  modify  on  case  of  moveable  rough  surface 
influence.  The  height  of  liquid  ki  and  vdodty  of 
motion  of  phase  separation  boundary  Uz,o  are 
calculated  by  the  following  equiation 


) 

Tyg 


Ulo== 


TghL 

y-L 


where  Ql  =  y  =  J'e;  ^Lav  =  Dio/2 

-  average  velodly  across  the  liquid  film;  index 
means  liquid  phase  of  flow.  The  results  of  liquid 
height  prediction  for  described  above  flows  with 
different  values  of  Reynolds  number  of  film  are 
shown  on  Pig.  6,  Fig.  7  where  continuous  line  - 
predictions  by  using  integral  method  [7],  dashed 
lines  -  predictions  by  using  numerical  method  [8] 
drdes  -  experimental  data  of  S.V.  Ryshkov,  V.V, 
Yershov,  V.N.  Miroshnichenko  [9]  (on  Fig.  6)  and 
O.A.  Povarov,  G.A.  Phillipov,  E.A.  Vasylchenko 
[10]  (on  Pig.  7).  Figure  8  reflects  the  comparison 
between  numerical  predictions  of  near- wall  jets 
velodty  distributions  and  experimental  data  of 
Kacker  and  Whitelaw  [15]. 


The  results  presented  here  and  the  matherials  given 
by  the  authors  allow  to  come  to  a  condusion  that 
the  use  of  the  developed  approaches  to  the  modeling 
of  turbulent  exchange  coeffidents  while  elaboration 
of  numerical  methods  ensures  the  high  reliability  of 
flow  development  and  separation  process  forecast. 
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ILLUSTRATIONS 


Fig.  1  Comparison  of  approximate-8nal3rtical 
prediction  ^e)  of  vdodty  profile  on  rough  surface 
(line)  and  experimental  data  of  M.D.Millionschikov 
[1]  for  pipes  with  different  technical  roughness 
(drdes). 


Fig.  2.  Comparison  of  temperature  distributions 
(line)  and  experimental  data  of  N.M.  Galin  and  P.L. 
Kirillov  [2]  for  boundary  layers  on  smooth  surface 
with  different  values  of  Prandtl  number  (cirdes). 
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Pig.  3.  Compariaoa  of  computation  (continuous 
line)  and  Moses’  experimental  data  (id.  3800)  [4] 
(cirdes),  where  Cf  =  2r«,/(^C/^)  -  skin  friction 
coefficient;  H  =  S*/6**  -  shape  factor,  fi*,5**  - 
displacement  and  momentum-deflect  thicknesses 
respectively;  Re**  -  momentum-deflect  thickness 
Reynolds  number;  uk  =  Uh(v>oo  -nondimensional 
velocity.  Dash  line  -  predictions  of  K.K. 
Fedyaevsky,  A.S.  Gynevsky,  A.V.  Kolesnikov  [11]. 


Fig.  4.  Comparison  of  computation  (continuous 
line)  and  Scottom  -  Power’  experimental  data  on 
two-dimensional  boundary  layer  with  rough  surface 
[5]  (©,  □,  A).  Nomenclature  is  the  same  as  in  Pig. 
3.,  except  dash  lines  -  predictions  of  different 
researches:  —  •  —  T.  Cebed,  K.C.  Chang  [5];  —  — 

G.F.  Sivykh  [12]; - P.A.  Dvorak  [13]. 


Q.5  0.9 

Fig.  5.  Comparison  of  computation  (continuous 
line)  and  B.  van  den  Berg  experimental  data  on 
infinite  swept  wing  (35  “)  [6]  (drdes),  where 
Cf  ss  2r„t!/(?l^fc)  ~  toti  skin  friction  coeffident; 
C/*,  =  2r„i  /(e^fc)  "  skin  friction  coeffident 
projection  on  xi  axis,  which  normal  to  the  leading 
edge;  tfj,  -displacement  thickness  in  main  and 
secondary  flows  directions  respectively,  ~ 
surface  cross-flow  angle;  ~  wall  shear-stress 
angle.  Dash  lines  -  preffictions  of  different  authors: 

- Redven  and  Lekydis; - ,  -  •  —  Custey; 

— ...  —  Swafford  and  Yitfild;  T.  Cebed. 
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Fig.  6.  Comparifioa  of  liquid  film  tMckness  hi, 
computation  (lines)  and  S.V.  Ryshkov,  V.V. 
Yershov,  V.N.  Mirosliniclienko  experimental  data 
[9]  (circles),  where  Rei,  =  198  ,  Hex,  -  Reynolds 
number  of  liquid  film  ;  =  20  m/s  ,  u^a  ~ 

velocity  of  gas  flow;  dash  line  -  numerical  method 
of  calculations  [8];  continuous  line  -  integral 
method  of  predictions  [7]. 


Fig.  7.  Comparison  of  liquid  film  thickness  hi, 
computation  (lines)  and  O.A.,  Povarov,  G.A., 
Phillipov,  E.A.,  Vasylchenko  experimental  data  [10] 
(drdes),  where:  1  -  Rei  =  100  ;  2  -  Rei  =  200  ; 
3  -  Rei  =  400  ;  dash  line  -  numerical  method  of 
calculations  [8];  continuous  line  -  integral  method 
of  predictions  [7]. 


& 


fig.  8.  Comparison  of  predicted  vdodty 
distribution  a  =  w(ar,  y)  (lines)  with  S.C,,  Kadcer 
and  J.H.,  Whitelaw  [15]  experimental  data  (drdes): 
a.  -  Uk/Ucav  =  0.75;  b  -  Uk/Ucav  =  1.33. 


DIRECT  NUMERICAL  SIMULATION  OF  TRANSITIONAL  NEAR-WALL  FLOW 
V.S.  Chelyshkovf,  V.T.  Grinchenkot,  and  C.  Liu$ 
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Abstract 

Local  approach  that  can  be  applied  for  investigation  of  near-wall  flows,  jets,  and 
wakes  is  discussed.  The  approach  is  developed  on  the  bcisis  of  examining  the  flow 
near  a  flat  plate.  Coupled  equations,  which  describe  both  slow  and  fast  changing 
of  flow  in  longitudinal  coordinate,  are  utilized.  Possible  ways  of  excitation  of  slow 
disturbances  are  studied.  Direct  numerical  simulation  (DNS)  of  near-wall  flow  is 
carried  out.  Phase  speeds  of  propagation  of  2D-disturbances  are  calculated. 

1.  Introduction 

There  is  a  wide  class  of  laminar  flows  that  can  be  described  with  Prandtl  equations  [16]. 
These  flows  are  boundary  layers  near  bodies  with  small  curvature  of  surface,  non-gradient 
boundary  layers,  jets,  and  wakes.  Instability  of  such  flows  leads  to  transitional  and  turbu¬ 
lent  phenomena  that  have  farely  simple  quasi-regular  space  structure.  Transitional  flows 
usually  have  coherent  structure,  and  turbulent  flows  often  can  have  quasi-homogeneous 
structure  (see,  for  instance,  [1,  10]).  Quasi-regular  flows  develop  in  space  and  time  in  such 
a  way  that  the  scale  of  a  typical  longitudinal  flow  structure  is  significantly  smaller  then 
the  scale  of  flow.  It  is  the  the  reason  for  adoption  of  the  local  approach  for  investigation  of 
non-linear  transitional  and  fully  developed  turbulent  flows  of  this  type. 

A  number  of  laminar  flows  is  described  with  this  approach  on  the  basis  of  investigations 
of  Prandtl  problems  [16],  and  the  linear  theory  of  hydrodynamic  stability  for  quasi-parallel 
flows  is  also  founded  on  the  principle  of  locality.  This  principle  can  be  described  in  the 
following  way. 

Let  Xq  be  the  non-dimensional  longitudinal  coordinate,  counted  from  some  point  of  a 
body,  and  Re  be  the  local  Reynolds  number,  i.e.  Reynolds  number  defined  on  the  basis  of 
the  distance  from  the  point  of  a  body  to  any  other  point  in  longitudinal  direction.  Then 
the  local  in  Xq  particular  solution,  which  has  been  obtained  in  the  vicinity  of  Xo  =  1  when 
Re  =  Rei,  can  be  continued  in  coordinate  Xq  by  way  of  recalculation  of  the  solution  when 
Xq  =  1  and  Re  =  Re2,  where  Re2  corresponds  to  the  choice  of  another  distance. 

The  validity  of  the  approach  is  based  on  continued  dependence  of  a  solution  on  both 
longitudinal  coordinate  and  local  Reynolds  number.  The  peculiarity  of  the  principle  is  the 
absence  of  inflow  boundary  conditions  for  laminar  problems  and  both  inflow  and  outflow 
boundary  conditions  for  the  linear  theory  of  hydrodymamic  stability.  So,  the  solutions 
of,  respectively,  Prandtl  problems  and  the  linear  problems  for  disturbed  Navier-Stokes 
equations  are  the  particular  solutions  of  differential  equations  in  partial  derivatives. 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water", 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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For  investigation  of  a  number  of  laminar  self-similar  flows,  this  principle  usually  was 
utilized  in  an  implicit  way  [16].  In  an  explicit  way,  it  was  applied  for  examining  of  coaxial 
laminar  flow  over  a  semi-infinite  cylinder  in  [2].  For  investigation  of  transitional  and  tur¬ 
bulent  quasi-regular  flows,  the  approach  leads  to  the  necessity  to  choose  both  the  model 
of  flow  and  the  mathematical  form  of  the  solution  that  corresponds  to  the  real  physical 
phenomenon. 

Various  models  are  suggested  for  simulation  of  near-wall  flows  now.  We  reffer  here  to 
the  paper  [9],  where  analysis  of  existing  approaches  has  been  done  up  to  1994.  A  new 
methodology  is  developed  in  [12,  13]  to  provide  a  successful  numerical  simulation  for  the 
whole  process  of  flow  transition  in  3D  boundary  laj'^ers.  This  methodolgy  is  based  on  the 
full  Navier-Stokes  equations  that  are  solved  in  the  domain  with  big  longitudinal  scale.  The 
model  boundary  conditions  are  stated  at  the  inflow  boundary,  and  buffer  zone  is  added 
in  outflow  domain.  A  new  model  also  was  announced  in  [4]  and  described  in  [8],  where 
transitional  flow  near  a  flat  plate  was  examined.  This  Model  of  interaction  of  Slow  and 
Fast  disturbances  (SFM)  is  valid  for  incompressible  and  compressible  3D  quasi-regular 
flows;  it  was  obtained  in  a  heuristic  way,  but  there  is  also  some  regular  way  of  the  equation 
yielding.  Here  we  briefly  discuss  the  SFM  and  following  [5]  study  in  more  details  the  choice 
of  mathematical  form  of  a  particular  solution. 

^From  a  practical  point  of  view,  2D  flows  are  not  of  particular  interest,  but  the  main 
difficulties  of  modelling  are  concentrated  exactly  in  2D  problem  because  of  the  weak  non¬ 
homogeneity  of  quasi-regular  flows  in  longitudinal  direction.  So  we  examine  here  only  2D 
flow  near  a  flat  plate  and  describe  some  new  numerical  results  concerning  phase  speeds  of 
propagation  of  disturbaces. 

2.  The  Way  of  Constructing  the  Model 
and  the  Choice  of  the  Form  of  Solution 

One  can  suppose  that  the  slow  and  fast  disturbances  in  longitudinal  coordinate  are 
possible  in  quasi-regular  flows  [4,  7,  8].  To  describe  possible  process  of  excitation  of  distur¬ 
bances,  we  consider  here  the  2D  flow  over  a  flat  plate. 

Let  Xo,y,T  and  x,y,t  be  nondimensional  coordinates  and  time.  They  are  connected  in 
the  following  way  (see  [8]  ): 

Xo  =  l+X,  X  =  Xx,  T  =  Xt,  X  =  K^/Re,  k  =  1.72078766, 

where  Reynolds  number  R,e  is  chosen  on  the  basis  of  the  thickness  of  the  boundary  layer. 
We  suppose  that  there  is  a  characteristic  size  Id  of  a  typical  flow  structure,  which  can  be 
measured  with  the  boundary  layer  thickness,  so  we  study  the  flow  in  the  domain 

V  =  {—ldl2  <  X  <  /rf/2,  0  <y  <  oo}. 

Let  u,v,p  be  the  non-dimensional  components  of  velocity  vector  and  the  pressure.  We 
define  the  solution 

F  =  {u,v,p}{Xo,y,T) 
of  the  problem  under  consideration  in  the  following  way 

F  =  F^-f  F^-f  F^ 


(1) 
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where 


=  {u^,v^,p^}{Xo,y),  F^  =  {u^  /X,p^}{x,y,t). 


Here  F^,  F"^,  F-^  are  the  components  describing,  respectively,  the  solution  of  Prandtl  prob¬ 
lem,  slow,  and  fast  disturbances. 

We  introduce  the  a:-average  in  V 


J 


-ld/2 


Gdx 


and  suppose  that 

F-^  =  0.  (2) 

Fulfilment  of  the  condition  (2)  puts  the  restriction  on  the  longitudinal  size  of  flow  structure 
that  can  be  investigated  on  the  basis  of  SFM.  Really,  it  follows  from  (1)  and  (2)  that 

F  =  F  +  F^-hO(/d/Re). 


So,  the  value  of  (/^/Re)^  must  be  small. 

This  local  approach  leads  to  coupled  equations  that  are  the  reduced  Navier-Stokes 
equations  [4,  7].  Slow  component  of  flow  is  controlled  by  the  disturbed  Prandtl  equations 
that  have  an  additional  term  of  “mass  force” .  The  term  is  the  result  of  interaction  of  fast 
disturbances.  Fast  component  of  flow  is  described  by  disturbed  Navier-Stokes  equations 
that  contain  slow  variables. 

For  the  precise  mathematical  statement  of  the  problem,  the  equations  need  to  add 
the  inflow  boundary  condition  for  both  slow  and  fast  components  of  flow  and  the  outflow 
boundary  conditions  for  fast  component  of  flow.  These  boundary  conditions  are  unknown 
“in  the  middle”  of  the  flow,  and  the  interval  of  changing  of  slow  longitudinal  variable  is  short 
due  to  restriction  on  longitudinal  size  of  examining  flow  domain.  So  the  model  boundary 
conditions  can  introduce  considerable  error  in  a  solution,  and  the  way  of  obtaining  of 
particular  solutions  seems  to  be  more  preferable. 

The  terms  of  the  order  of  /^/Re  can  be  removed  in  the  equations  for  fast  disturbances, 
and  we  can  suppose  that  this  component  of  flow  is  periodic  in  x  in  the  transitional  area. 

The  choice  of  the  form  of  the  paticular  solution  for  the  slow  component  of  the  flow 
is  more  difficult.  One  can  suppose  that  two  types  of  slow  disturbances  are  possible  in 
quasi-regular  flows  [5],  so  that 

=  F^  +  F^, 


The  first  type  of  slow  disturbances,  F^,  is  generated  by  non-stationary  structures  that 
change  fast  in  longitudinal  coordinate.  Interaction  of  such  structures  excites  slow  distur¬ 
bances  that  do  not  decay  down  the  flow.  So  interaction  of  fast  disturbances  is  the  permanent 
source  of  the  excitation  of  disturbances  of  quasi-parallel  component  of  the  flow. 

The  second  type  of  slow  disturbances,  F^,  is  connected  with  peculiarities  of  the  up¬ 
stream  near- wall  flow.  These  disturbances  decay  in  longitudinal  coordinate  [11].  They  are 


U-4 


generated  at  the  inflow  part  of  the  boundary  of  the  investigated  flow  domain  by  stating  of 
the  suitable  non-stationary  boundary  conditions.  So  the  second  type  of  slow  disturbances 
is  possible  with  and  without  the  presence  of  fast  disturbances. 

Decaying  in  longitudinal  coordinate  slow  disturbances  can  be  of  interest  for  investigation 
of  “bypass”  transition,  when  the  level  of  free  stream  turbulence  is  high;  we  can  ignore 
the  influence  of  external  forces  when  we  examine  natural  transition  and  fully  developed 
turbulent  flow.  If  we  ignore  this  influence,  we  need  to  answer  the  following  questions. 
Can  the  second  type  of  slow  disturbances  arise  sponteneously?  Can  interaction  of  fast 
disturbances  be  the  source  of  excitation  of  the  second  type  of  slow  disturbances?  These 
questions  arise  because  of  the  indefinitness  in  the  statement  of  inflow  boundary  conditions. 

First,  we  suppose  that  fast  disturbances  are  absent  and  study  the  process  of  self¬ 
excitation  of  slow  disturbances. 

We  will  use  the  principle  of  locality  to  explain  that  self-exciting  slow  disturbances  are 
impossible  in  the  flow  near  a  flat  plate,  and  corresponding  non-linear  problem  has  no  non¬ 
zero  particular  solutions  steady  in  time  and  local  in  longitudinal  coordinate  ^o- 

Here  is  some  qualitative  reasonings  that  support  this  conclusion. 

1.  Both  the  Blasius  solution  of  the  Prandtl  equations  and  particular  solution  of  the 
examined  problem  for  disturbances  depend  on  Reynolds  number  in  an  implicit  way. 
So  it  is  sufficient  to  find  both  these  solutions,  when  Xq  =  1.  In  accordance  with 
the  priciple  of  locality,  the  solution  of  both  problems  for  other  values  of  variable  Xo 
can  be  obtained  in  the  way  of  recalculation  of  local  Reynolds  number.  Consequently, 
if  local  particular  non-infinitesimal  solution  of  the  Prandtl  problem  for  disturbances 
exists  in  the  vicinity  of  Xq  =  1,  then  the  sum  of  this  solution  and  the  Blasius  solution 
also  is  the  solution  of  the  Prandtl  problem,  and  this  new  solution  describes  fluid  flow 
in  the  domain  which  is  far  enough  from  the  leading  edge. 

2.  If  the  velocity  profile  is  known  at  the  inflow  boundary,  then  the  solution  of  the  non- 
stationary  Prandtl  problem  is  unique  [15]. 

3.  Any  upstream  slow  disturbances  of  the  Blasius  flow  decay  down  the  stream  far  from 
the  place  of  appearance  of  the  disturbances.  This  result  has  been  obtained  on  the 
basis  of  investigation  of  the  stationary  linearized  Prandtl  problem  for  disturbances  in 
[11],  but  one  can  suppose  that  it  is  valid  also  for  non-infinitesimal  disturbances  and 
non-stationary  upstream  boundary  conditions. 

If  we  compare  the  second  and  the  third  statements,  we  will  come  to  the  conclusion  that 
the  longer  the  distance  from  the  inflow  boundary  condition,  the  closer  the  solution  of  the 
Prandtl  problem  is  to  the  Blasius  solution.  Now  the  first  statement  leads  to  the  conclusion 
that  non-zero  local  in  coordinate  Xq  steady  in  time  particular  solutions  of  investigating 
Prandtl  problem  for  disturbances  do  hot  exist. 

At  the  same  time,  an  infinite  number  of  modes  of  infinitesimal  disturbances  of  self- 
similar  solution  of  the  Prandtl  problem  exist  [11].  However,  non-linear  development  in 
time  of  such  slow  self-exciting  perturbances  leads  to  the  growth  of  disturbances  and  their 
destruction  in  restricted  time  interval.  This  result  has  been  obtained  on  the  basis  of  DNS 
of  the  problem. 
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The  way  of  discretization  in  longitudinal  direction  is  described  as  the  following.  First, 
we  use  the  known  forms  of  perturbances  for  trial  function  choice: 

=  =  n  =  yl\fxo.  (3) 

i=o  j=o 

In  (3)  1^0  =  0;  for  j  >  0  power  indices  vj  are  selected  on  the  basis  of  exponential  damping 
of  vorticity  far  from  the  wall,  so  ui  =  1,1/2  =  1.887, 1^3  =  2.867, 1/4  =  3.8,  ...  [11].  Then,  we 
use  functions  X'^,k  =  0, 1,  ...  as  test  functions,  expanding  the  solution  in  Taylor  series  in 
the  vicinity  of  Xo  =  1. 

The  way  of  discretization  in  the  orthogonal  to  the  wall  direction  is  described  in  [7,  8]. 

Simulation  was  performed  for  a  dynamic  system  that  has  2  x  31  degrees  of  freedom 
(2  functions  in  longitudinal  coordinate  and  32-1  functions  in  orthogonal  to  the  wall 
coordinate).  For  integration  in  time  of  this  system  various  schemes  were  applied:  the 
Runge-Kutta  method,  a  semi-imlicit  method,  and  Gear’s  method.  The  result  of  simulation 
leads  to  the  conclusion  that  the  Cauchy  problem  has  no  restricted  solution  on  infinite  time 
interval. 

So,  both  qualitative  resonings  and  numerical  simulation  lead  to  the  conclusion  that 
we  have  to  exclude  the  possibility  of  self-excitation  of  slow  disturbances  from  physical 
phenomena  accompanying  the  self-excitation  of  fast  oscillations  in  the  boundary  layer. 

Now  we  can  also  answer  the  second  question.  The  phenomenon  of  excitation  of  slow 
decaying  in  longitudinal  coordinate  disturbances  by  fast  disturbances  is  also  impossible 
due  to  the  spontaneous  arising  of  such  type  of  slow  disturbances  on  the  background  of  the 
initiated  motion,  their  growdh  in  time,  and  the  destroying  of  the  simulated  flow  in  restricted 
time  interval.  This  result  was  obtained  also  numerically  in  [7]. 

The  simplest,  but  not  the  only  way  that  leads  to  the  filtration  of  the  solution  from 

is  the  following.  First,  we  can  represent  the  solution  of  slow  component  of  flow  in  the 
boundary  layer  coordinates 

u®  =  £/*(,,  X„,0,  v^  =  V^{ri,Xo,t)ly/Xo,  /  =  P^(s,i). 

Then  we  can  drop  the  dependence  of  the  solution  on  Xq  in  this  coordinate  system.  It 
seems  reasonable  to  suppose  that  the  slow  component  of  flow  is  locally  self-similar  in  a 
small  interval  of  variation  of  Xq  [6].  This  supposition  slightly  deforms  the  slow  component 
of  the  flow  but  gives  the  possibility  to  exclude  numerical  self-excitation  of  F^. 

Now  we  also  can  remove  the  terms  of  the  order  of  Irf/Re  in  equations  for  slow  distur¬ 
bances,  and  the  problem  under  consideration  becomes  homogeneous  in  the  longitudinal 
coordinate. 

3.  Calculation  of  Phase  Speeds,  Local  DNS, 
and  Some  Numerical  Results 

It  is  well  known  that  typical  structure  of  a  quasi-regular  flow  propagates  down  the  flow 
with  some  phase  speed  that  can  be  measured  experimentally  and  obtained  on  the  basis 
of  numerical  simulation.  A  simple  way  of  calculation  of  main  phase  speed  was  suggested 
in  [14].  This  method  is  connected  with  the  use  of  non-inertial  coordinate  system  and  based 
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on  calculatoin  of  phase  speed  from  the  condition  of  minimum  of  functional  that  is  the  scalar 
product  of  right-hand  parts  of  the  according  dynamic  system. 

We  apply  the  approach  described  in  [14]  in  the  formal  way.  We  can  do  it,  because  after 
separation  of  Xo,  the  problem  under  consideration  becomes  homogeneous  in  longitudinal 
direction. 

The  Bubnov-Galerkin  method  was  adopted  for  space  discretization  of  the  problem. 
Fourier  series  were  utilized  for  discretization  in  longitudinal  coordinate,  and  exponential 
polynomials  Sn,kiy)  [3]  were  used  for  discretization  in  the  direction,  orthogonal  to  the 
wall.  Detailes  of  space  and  time  discretization  are  described  in  [7,  8].  The  use  of  moving 
coordinate  system  allows  us  to  reduce  oscillations  in  time  of  longitudinal  harmonics  and 
makes  it  easy  to  calculate  phase  speeds  in  every  moment  of  time. 

The  value  of  Id  =  27r/a  sets  the  width  of  examining  flow  domain.  We  obtain  steady 
state  flow  regimes  for  a  and  Re  that  corresponds  to  transitional  phenomenon. 

Let  be  the  number  of  degrees  of  freedom  of  dynamic  system,  which  is  extracted 
from  governing  equations,  Cq  -  phase  speed  of  initial  disturbances,  G  -  non-dimensional 
simulation  time,  c  -  phase  speed  of  steady  state  regime  of  flow,  and 


when  Xo 
Figure  1. 
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1  and  y  =  0.  The  results  of  simulation  are  adduced  in  the  Table  1  and  in 


Re 

a 

■  M 

Co 

is 

c 

W 

520 

0.308 

869 

0.397 

12000 

0.58 

0.096 

550.2 

0.308 

1031 

0.3949 

9000 

0.59 

0.10 

Table  1 .  Parameters  of  simulation  and  characteristics  of  steady  flow. 


This  result  confirms  the  variant  of  simulation  for  jV  =  409  that  was  obtained  in  [8].  The 
increase  in  Af  or  Re  leads  to  a  decrease  time  tg  that  is  necessary  for  achieving  a  steady-state 
solution. 


Fig.  1:  The  dependence  on  t  for 
Re  =  550.2,  a  =  0.308 


-1.5  -1  -0.5  0  0.5  1  1.5  2  2.5 

Fig.  2;  Phase  plot  obtained  by  plotting 

Tyj{t)  V.S.  T^{t  +  At) 
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It  is  of  interest  that  non-linear  interaction  is  strong:  the  temporal  skin  friction  oscillates 
in  such  a  way  that  changes  between  the  values  —1.35  and  -1-2.38  in  the  point  Xo  =  1 
for  Re  =  520  (see  also  Figure  1).  So  the  2D  steady  flow  is  an  eddy  flow.  Mean  skin  friction 
is  greater  than  in  laminar  flow,  but  the  recycle  zones  settle  down  the  surface  of  a  plate, 
and  full  skin  friction  is  negative  about  1/3  of  time  in  every  place  of  the  transitional  area. 
The  motion  turns  out  to  be  close  to  perodic.  The  projection  of  the  the  attractor  on  two 
dimensions  using  delay  coordinates  is  shown  in  the  Figure  2.  The  plot  is  obtained  for  the 
second  variant  of  simulation;  8600  <  ^  <  9140  and  At  =  30.  The  attractor  is  close  to  limit 
cycle;  weak  background  is  connected  with  quasi-periodic  component  of  oscillations. 

4.  Conclusion 

The  SFM  is  valid  for  local  analysis  of  near-wall  flows.  The  nature  of  self-excited  oscilla¬ 
tions  in  quasi-regular  flows  leads  to  the  statements  of  problems  that  have  an  indefiniteness 
in  the  inflow  and  outflow  boundary  conditions.  The  SFM  may  not  need  to  use  the  model 
both  inflow  and  outflow  boundary  conditions,  but  the  approach  under  consideration  re¬ 
quires  a  special  choice  of  the  form  of  solution.  This  choice  is  discussed  in  the  present 
paper. 

The  SFM  can  be  used  for  simulation  of  the  development  of  qusi-regular  flows  in  longitu¬ 
dinal  direction.  Indeed,  big  longitudinal  scale  can  be  devided  onto  the  parts  with  suitable 
sizes,  and  these  parts  of  flow  can  be  connected  by  the  known  local  inflow  boundary  con¬ 
ditions.  For  such  statement  of  a  problem,  the  choice  of  the  form  of  the  solution  requires 
separate  consideration.  However,  this  way  of  spatial  modeling  puts  the  restriction  on  the 
length  of  the  wave  of  disturbance. 

Long  time  simulation  is  necessary  for  obtaining  the  steady-state  regime  of  flow.  This 
regime  is  found  now  only  for  transitional  values  of  parameters.  Our  numerical  experience 
leads  to  the  conclusion  that  successful  long  time  local  DNS  for  big  Reynolds  numbers 
requires  more  degrees  of  freedom  than  we  have  used. 
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SUMMARY 

Investigations  under  centrifugal  forces  transitional 
boundary  layers  as  well  as  the  spatio-temporal  properties 
of  boundary  layers  vortical  structures  is  one  of&e  major 
research  area  of  the  Department  of  Thermal  and 
Hydrodynamical  Modeling  of  Hydrcnnechanics  Institute  of 
Ukrainian  National  Academy  of  Sciences.  It  has  been 
shown  that  in  case  of  boundary  layer  flows  under 
centrifugal  forces  the  small  parameter  depending  on  the 
value  of  these  forces  can  be  introduces.  Using  methods  of 
matching  asymptotical  e)q)ansions  the  scenarios  of  the 
boundary  layers  development  ( including  transition 
processes  from  2D  to  3D)  in  ternls  of  space  scales  of  their 
vortical  structures  have  been  proposed.  In  particular,  the 
knowledge  about  (i)  formation  mechanisms  of  3D  vortical 
structures  in  boundary  layers;  (ii)  spatio-temporal 
properties  of  2D  and  3D  vortical  structures  depending  on 
basic  flow  parameters  were  obtained. 

1.  INTRODUCTION 

The  problem  of  understanding  the  origin  of  the  transition 
from  laminar  to  turbulent  flow  is  the  most  important 
unsolved  problem  of  fluid  mechanics.  Usually  this 
transition  occurs  in  shear  flows  (boundary  layers).  The 
widespread  case  of  such  flows  is  a  flow  over  rigid 
surfaces  (generally  curved)  and  natural  convection  over 
heated  or  cooled  surfaces.  These  two  types  of  motion  have 
essentially  different  nature  -  the  first  type  deals  with 
external  forces;  the  second  one  is  caused  by  internal 
forces  of  thermodynamical  origin  i.e.  buoyancy  forces. 
Despite  the  distinctions  in  the  nature  of  the  forces  and 
body  geometry  the  boundary  layer  development  has  a  set 
of  common  specific  features  characterizing  the  transition 
to  the  fully  developed  turbulent  flow.  In  particular, 
intrinsic  features  of  such  motions  is  the  existence  of  (i)  a 
domain  of  2D  boundary  layer  which  can  be  described 
using  Prandtl  equation  in  Blasius  form  and  (ii)  Tollmien- 
Schlichting  waves  and  streamwise  vortices  developing 
downstream  (Ref  7,8,18,19).  On  the  one  hand,  diversity 
of  such  flows  can  suppose  an  available  single  mechanism 
of  this  development  and  on  the  other  hand  diows  that 
typical  transition  stages  represent  the  intrinsic  flow 
feature.  So,  from  this  viewpoint  we  can  consider  these 
characteristic  stages  of  the  laminar  bormdaiy  layer 
development  as  a  result  of  the  transformation  one  motion 
kind  into  an  other  one  (below  the  “transition”  term  will 
mean  such  a  transformation  in  laminar  boundary  layers). 
Recent  technological  aK>lications  deal  with  the 
boundary  layer  control  problems  ,i.e.  the  regulation  of 


heat/mass  /momentum  fluxes  near  the  surface  by 
changing  space-time  scale  characteristics  of  fluid  motion. 
Practically  it  implies  the  possibility  to  delay/prevent 
boundary  layer  separation  or  transition  to  turbulence,  to 
reduce  drag,  to  augment  heat  transfer  etc.From  the  basic 
viewpoint  the  optimal  solution  of  the  problem  should  be 
based  on  the  possibility  to  generate  and  maintain  a 
necessary  type  and  scale  of  fluid  motion  in  a  boundary 
layers  for  given  purposes.  In  other  words,  it  means  the 
possibility  to  manipulate  with  the  space-time  scales  in  the 
mentioned  above  boundary  layer  domains  using  the  basic 
flow  parameters  (meanflow  velocity,  fluid  viscosity, 
geometry  of  body  etc.). 

Traditionally  investigations  of  transitional  boundary 
layers  were  carried  out  in  the  framework  of  the  stability 
theory  based  on  the  study  of  the  main  flow  disturbances 
assumed  (or  introduced)  apriori;  Tollmien-Schlichting 
waves  and  3D  streamwise  vortices  generation  was 
considered  as  a  result  of  meanflow  instability  .Although 


Figurel .  Sketch  of  the  Goertler  vortices  developing 
on  a  concave  wall  (from  Swearingen&Blackwelder 
(1987)) 


this  approach  yielded  a  set  of  interesting  and  useful 
results  (Ref  14,15,19,22),  it 

•  does  not  define  space  scales  of  the  boundary  layer 
domains  (downstream  lengths)  having  different 
types  of  fte  vortex  structure  (kinds  of  disturbances  — 
e.g.  Tollmien-Schlichting  waves,  streamwise 
vortices); 
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•  does  not  allow  to  formulate  the  transport  laws 
using  the  basic  flow  parameters  and  therefore  can 
not  give  an  optimal  method  to  manage  transport 
processes  near  a  surface; 

•  can  not  predict  the  transition  location  depending  on 
the  basic  parameters  and  therefore  does  not  permit  to 
formulate  an  approach  to  the  boundary  layer  control 
in  terms  of  receptivity  ideas. 

Therefore  the  knowl^ge  of  mechanisms  of  the  vortical 
structures  formation  in  laminar  boundary  layers  and  their 
spatio-temporal  properties  is  important  both  in  basic  and 
applied  aspects,  especially  in  relation  to  the  idea  of 
optimal  boundary  layer  control.  In  this  connection  it  is 
reasonable  to  study  the  spatio-temporal  properties  of 
boundary  layers  under  centrifugal  forces  as  a  prototype 
problem  due  to  the  feasibility  of  direct  applications, 
mathematical  formulation,  numerical  simulation  and 
available  for  comparison  experimental  data  obtained  in 
the  frame  of  the  traditional  stability  approach.  Such  work 
must  bring  an  insight  into  the  mechanisms  of  the  flows 
developing  in  the  general  case  under  body  forces. 

2.  GOERTLER  PROBLEM 


To  explain  details  of  the  proposed  approach  let  us 
consider  the  simplest  ( from  the  mathematical  viewpoint ) 
case  of  the  boundary  layer  development  under  centrifugal 
forces  in  open  flows  -  GoertlCT  problem.  Consider  the 
flow  of  homogeneous  viscous  fluid  with  meanflow 
velocity  Uo  over  a  concave  surface  with  constant  curvature 
radius  R  (Fig.  1).  Viscosity  is  supposed  to  be  constant. 
Continuity  and  Navier-Stokes  equations  in  a  curvilinear 
coordinate  system  related  to  the  plate  have  a  form 
R  OJ  X  3^  m 


+  UgradU  - 
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Ugrad,  A  -  convective  and  Laplace's  operators  in 
curvilinear  co-ordinate  system.  All  quantities  are 
introduced  in  a  usual  way.  As  usual,  let's  suppose  that  a 
characteristic  space  scale  of  the  flow  parameters  variation 
normally  to  the  surface  is  much  less  compare  with  R.  That 
is  we  can  neglect  in  the  basic  equations  terms  of  order 
6/R.  So,  the  equatimi  system  (1K4)  transform  into 
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This  transformation  from  geometrical  viewpoint  means 
the  transformation  of  the  curved  surface  into  the  flat 
plate.  From  mathematical  point  of  view  equations  system 
(5K8)  describe  the  flow  over  the  flat  plate  with  body 
forces  F  due  to  curvature.  The  availability  of  body  forces 
essentially  changes  the  boundary  layer  development 
compare  to  Blasius  flow.  Really,  these  forces  are 
nonpotential  and  define  the  btflk  source  of  vorticity.  The 
intensity  of  this  source  explicitly  depends  on  centrifugal 
forces  value.  So,  there  are  two  different  types  of  vorticity 
in  the  considerable  problem  -  bulk  source  due  to 
centrifiigal  forces  and  constant  one  due  to  non  slip 
conditions.  The  laws  of  their  variability  in  streamwise 
direction  are  different.  It  is  clear  that  the  main  role  in  the 
generation  of  vorticity  in  a  boundary  layer  on  the  initial 
part  of  flowing  plays  the  constant  source  due  to  viscosity. 
Their  intensity  decrease  in  streamwise  direction  and  there 
exist  the  distance  vhere  intensities  of  constant  and  bulk 
vorticities  become  comparable.  Just  available  scales 
depending  on  basic  parameters  define  the  main  difference 
between  boundary  layers  on  flat  and  curve  plates. 

The  main  idea  of  the  present  approach  consists  in  the 
following.  The  laminar-turbulent  transition  of  the 
boundary  layer  over  a  curved  surface  is  considered  as 
a  natural  development  ofthe  flow  under  centrifugal 
forces,  i.e.  the  flow  with  anisotropy  of  space  scales  and 
their  essential  dependence  on  streamwise  distance. 

That  is  the  boundary  layer  structure  is  formed  under  the 
forces  changing  along  the  x  axis.  So  far  as  the 
downstream  development  of  viscous  and  centrifugal 
forces  is  different  (the  first  one  been  defined  by  the 
viscosity  coefficient  and  velocity  gradient,  the  second  one 
been  defined  by  the  velocity  field  and  curvature)  there 
should  be  fields  in  the  flow  with  one  of  the  forces 
dominant  and  the  fields  where  the  flow  structure  results 
fixim  the  interaction  of  two  comparable  forces.  Space 
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scales  of  these  fields  depending  on  the  basic  flow 
parameters  are  found  flom  the  asymptotic  analysis  of  fiill 
Navier-Stokes  equations. 

Goertler  problem  is  characterized  only  by  one 
nondimensional  parameter  -  Rcr-  Reynolds  number 
based  on  curvature  radius  which  is  supposed  to  be  large  ( 
or  E=ReR''  -  small).  Case  of  e=0  corresponds  to  the  flat 
plate.  Mathematically  transition  fi^om  a  curved  surface 
( if  vt  0  )  to  the  flat  plate  ( e=0)  is  not  regular .  Indeed 
this  transition  implies  the  degeneration  of  space  scales  of 
this  problem  -  curvature  radius  R  or  viscous  length  v/Uo, 
here  v  is  the  kinematic  viscosity  and  Uo  is  a  tree-stream 
velocity.  And  as  usual  in  physical  problems  the  space 
scale  degeneration  results  in  the  singular  degeneration  of 
the  solution.  That  is,  generally  speaking,  the  Blasius 
solution  (  or  Falkner-Skan  in  general  case)  for  the  flat 
plate  is  not  valid  for  the  curved  surface.  From  this 
point  of  view  it  is  natural  to  use  the  stability  approach 
for  a  flat  plate,  but  that  is  not  evident  .that  this  approach 
can  be  applied  in  the  curved  surface  case.  Therefore 
modem  methods  of  asymptotic  expansions  of  Navier- 
Stokes  equations  can  be  used  for  the  Goertler  problem 
with  e  as  a  small  parameter.  Assuming  the  existence 
of  space  scales,  which  explicitly  depends  on  small 
parameter,  and  some  kind  of  expansions  for  unknown 
solution,  one  can  get  the  equations  systems  for 
corresponding  expansions  of  an  unknown  solution  valid 
for  certain  flow  domains.  Physically  these  domains 
represent  flow  zones  with  essentially  different 
dynamic  structure  and  space  characteristics.  For  more 
details  see  (Ref  4,21). 

2. 1.  2D  Boundary  -layer  approximation  in  the 
Goertler  problem 

As  mentioned  above  the  limiting  case  of  8=0  corresponds 
to  the  flat  plate  boundary  layer  development  which  is 
described  by  Prandtl  equations  and  has  self-similar 
solutions.  The  influence  of  centrifugal  forces  may  seem  to 
be  taken  into  account  by  introducing  perturbations 
proportional  to  s  into  solutions  of  the  Prandtl  equations. 
However  the  situation  appears  to  be  much  more 
complicated.  The  only  nontrivial  erqransion  of  Navier- 
Stokes  equations  solution  in  the  Goertler  problem  has  a 
form  [Nikiforovich,  1996]] 

U*=Uo*+8^Ui*  +  ,.. 

V*=e''^Vo*+6Vr 

p*=  e^po*+  s'”po  *  + ... 
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die  ^ 
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Available  centrifugal  forces  (fvsO)  yield  the 
following  space  scales  Lx=8‘^=RRe'’^  in  downstream 
and  Ly=8“R=RRe'^  in  normal  direction  respectively. 

The  equations  system  (11)  and  existence  of  space  scales 
{Lx;  Ly]  demonstrates  the  fundamental  distinctions 
between  flat  and  curved  plates:  solutions  of  Prandtl 
equations  are  known  to  be  self-similar.  It  results  fi-om  the 
only  space  scale  equal  to  vAJo.  For  the  considered 
problem  the  zero  approximation  fw  a  velocity 
distribution  is  congruent  to  a  self-similar  solution  for  a 
flat  plate,  however  the  pressure  distribution  is  not  self¬ 
similar  .This  is  the  result  of  centrifugal  forces  (  or  bulk 
vorticity  source  due  to  the  centrifugal  forces)  influence  on 
a  boundary  layer  structure.  The  physical  meaning  of  fliis 
fact  is  evidait  -  on  initial  part  proportional  to  Lx=R 
ReR'’^the  intensity  of  the  source  vorticity  due  to  non¬ 
slip  conditions  (which  represents  the  disturbance  of  mean 
flow )  is  much  greater  compared  to  that  of  the  bulk 
vorticity  source  due  to  centrifugal  forces.  Besides,  the 
self-similar  solutions  for  the  flat  plate  can  be 
interpreted  as  a  result  of  receptivity  of  the  mean  flow  ( it 
is  not  "mean  flow"  in  stability  theory!)  to  disturbances 
due  to  non-slip  conditions.  The  first 
approximation  of  these  e5q)ansions  has  a  form  of 
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here  nondimensional  velocities  U*  (streamwise) ,  V* 
(normal)  are  based  on  fi-ee-stream  velocity  Uo  and 
pressure  -on  dynamical  pressure  poUo^.  The  equation 
system  for  a  2D  boundary  layer  at  zero  approximation  in 
8  takes  a  form  of 


dy 


3c 


and  describes  the  nonlinear  interaction  between  viscous 
and  centrifugal  forces,  or  in  other  words,  the  receptivity 
of  the  viscous  boundary  layer  to  the  disturbances  arising 
due  to  centrifugal  forces.  The  proposed  approach  shows 
the  sources  of  a  possible  irregularity  of  &e  boundary 
layer  solution  -  one  of  them  is  the  assumption  about  the 
flow  two-  dimensionality.  Really,  in  the  finme  of  the  2D 
the  zero  aj^oximation  for  velocity  distribution  does  not 
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depend  on  centri&gal  forces  i.e.  flow  perturbations  due 
to  centrifugal  forces  are  small.  It  results  in  a  natural 
assumption  about  invalidity  (rather  than  instability)  of  the 
2D  solution  for  large  x  »  Lx . 


2.2.  3D  equations  of  a  boundary  layer  in  the  Goertler 
problem 

Vorticity  generation  in  a  fluid  body  is  a  consequences  of 
the  potential  energy  transition  into  the  kinetic  one.  This 
transition  may  acquire  various  forms  of  the  vortical 
motion.  But  the  most  widespread  one  in  boundary  layers 
with  centrifugal  forces  is  the  3D  motion  organi2ed  as 
longitudinal  vortices .  Therefore  it  can  be  supposed  that 
their  space  characteristics  and  an  equation  solution  have 
to  depend  explicitly  on  a  small  parameter  e.  Using  the 
similar  to  p.  2. 1 .  asymptotic  expansions  procedure  one 
can  get  the  following  equation  system  for  the  3D 
boundary  layer  at  zero  approximation  (Ref  9) 
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and  space  scales  in  downstream,  normal  and  spanwise 
directions  take  a  form  of  Lsx^RRe**^^  L3y=  L3i!=  Lo=  RRe" 
^  req)ectively. 

So  far  as  these  scales  appear  due  to  centrifugal  forces 
responsible  for  the  bulk  vorticity  sources  the  obtained 
scales  can  be  easily  interpreted  physically :  Lxo,  Lyo  and 
Lzjo  represent  characteristic  space  scales  along  the 
downstream,  normal  and  spanwise  axes  of  considered 
vortical  structures.  It  means  that  here  the  vortical 
structure  develops  because  of  the  nonlinear  interaction 
between  viscous  and  bulk  vorticity  sources  and  that  it 
represents  vortices  elongated  downstream.  The  ratio 
between  their  lateral  and  longitudinal  scales  have  an 
order  of  s''*.  Estimation  of  corresponding  velocities  in  a 
boundary  layer  gives  Uo*~0(l),  Vo  ~  Wo  ~ 
Perturbations  to  the  zero  approximation  in  s  to  the  3D 
solution  can  be  shown  to  be  of  the  order  of  for 
velocities  and  of  for  pressure. 


It  is  necessary  to  mention  principal  distinctions  between 
2D  and  3D  boundary  layers  equations.  First,  in  a  3D  the 
zero  approximation  explicitly  depends  on  e  what  is 
opposite  to  the  2D  case.  And  secondly  -  self-similar 
solutions  of  2D  boundary  layers  equation  are  valid  for 
equation  system  (13) .  hi  other  words,  these  self-similar 
solutions  represent  the  asymptotic  of  3D  solutions  for 
small  X  and  the  scale  L3x=RRe''^  can  be  interpreted  as  a 
scale  where  the  3D  effects  ( or  the  flow  perturbations  due 
to  centrifugal  forces )  become  comparable  with  the 
perturbations  of  mean  flow  due  to  viscosity  ( non-slip 
conditions) .  In  other  words  the  distance  Xo  where  3D 
effects  can  be  detected  has  a  form  Xc=A  L3x=ARRe'*^, 
here  A  is  a  constant  which  can  be  found  from 
expieriments.  That  value  ,certainly,  depends  on  the 
accuracy  of  measurement  techniques  and  devices..  For 
example  experiments  of  Bippes  (Ref  21)  give  A~10-100. 
On  the  other  hand,  Xo  value  expressed  in  terms  of  the 
basic  flow  parameters  may  help  to  eliminate  an  arbitrary 
choice  of  a  downstream  location  for  initial  conditions  to 
analyze  the  stability  of  Goertler  vortices.  Thus  the 
considered  approach  can: 

1.  explain  the  transitional  processes  in  boundary 
layers  from  the  viewpoint  of  validity  of 
corresponding  expansions; 

2.  join,  explain  and  formalize  the  validity,  stability  and 
receptivity  notions  in  the  Goertler  problem. 

And  finally,  one  of  the  most  significant  applied  results  is 
the  possibility  to  describe  spatio-temporal  properties  of 
2D  and  3D  boundary  layers  over  curved  surfaces  in 
terms  of  the  basic  parameters  (free-stream  velocity, 
viscosity  and  curvature). 

3.  Stability,  receptivity  and  validity  of  boundary 
layers’  equations.  Scenarios  of  the  boundary  layers 
development. 

To  demonstrate  the  more  general  character  of  the 
proposed  approach  to  the  study  of  organized  vortical 
motion  affected  by  centrifugal  forces  let’s  consider  their 
results  in  the  frame  of  stability  and  receptivity  theories. 
The  main  ideas  of  the  stability  theory  application  to  the 
considered  problem  are  presented  in  (Ref  19)  and  further 
considerations  will  be  based  on  this  article.  As  known, 
the  main  idea  of  the  stability  theory  consists  in  the 
investigation  of  meanflow  ^sturbances  behavior  in  time 
or  in  space.  Different  types  of  equations  for  disturbances 
can  be  obtained  dependfrig  on  assumptions  about  mean 
flow  structure.  In  any  case  the  problem  is  reduced  to 
eigenvalue  problem  with  Goertler  number 

G=Uo@/v(©/Ry'^,  (14) 

as  eigenvalue  (©-momentum  thickness).  This  problem  is 
correct  from  the  formal  viewpoint  and  this  approach 
yielded  a  set  of  useful  results.  But  the  transition  from  full 
Navier-Stoke  equations  into  the  eigenvalue  problem 
consists  a  set  of  nonevident  assumptions.  The  main  of 
them  is  the  introduction  of  ®  (or  bound^  layer 
thickness).  This  parameter  could  not  be  introduced  in  a 
formal  rigorous  way  despite  on  it  experimental  evidence. 
In  the  frame  of  the  proposed  approach  all  space  scales 
characterizing  the  variation  of  velocities  in  normal  to  the 
surface  direction  must  be  proportional  to  Lo.  In  particular 
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©=f(x)RReR-^^  (15) 

here  f(x)  -  some  function  of  order  1 .  With  regard  to  ( 1 5) 
Goertler  number  has  a  form 

G=f^'(x),  (16) 


i.e.  results  of  the  stability  theory  have  a  local  character 
(for  fix.  x)  and  don’t  depend  on  nonparallel  effects. 
Moreover,  it’s  clear  that  nonparallel  effects  are  negligible 
in  the  stability  theory  if  the  meanflow  is  enough  smooth 
in  the  streamwise  direction.  In  the  proposed  approach 
namely  these  effects  define  the  longitudinal  vortices 
generation.  Using  the  results  of  stability  theory  one  can 
estimate  the  distance  xo  \vliere  longitudinal  vortices 
appear.  The  linear  stability  theory  give  value  G=0.6  for 
longitudinal  vortices,  i.e.  f(xo)=(0.6)^'l  As  it  was  shown 
above,  in  zero  approximation  the  boundary  layer 
development  over  flat  and  concave  surfaces  are  similar 
and  for  rough  xo  estimation  the  next  correlation  for  ©  can 
be  made 

@=0.664(vx/Uo)'''^  (17) 

Taking  into  account  (15)  and  (17)  one  can  get 

Xo=1.2RReR''^  (18) 

It  is  evident  that  (18)  is  lower  estimation  for  xo  distance. 
In  other  words  in  reality  the  longitudinal  vortices  can  be 
generated  on  distance  more  than  (18).  And  of  course  the 
correlation  (1 8)  is  similar  to  those  in  p.2. 1 .  The  obtained 
results  allow  to  interpret  the  stability  theory  results  as 
follows:  in  the  frame  of  the  proposed  approach  it  was 
shown  that  in  general  case  the  flows  over  concave  surface 
are  3D  and  can  be  described  by  equations  (13).  The  2D 
Blasius  solution  is  valid  for  these  3D  equations  (more 
exactly  Blasius  solution  is  an  asymptotic  for  small  x),  i.e. 
assumptions  of  the  stability  theoiy  mean  that  the  solution 
can  be  presented  in  form 

U=UB<T,)+€'^U3D(x,y,z),  (19) 

and  set  of  equations  for  U3D(x,y,z)  will  be  similar  to  the 
stability  theory  equations  at  G=1 .  Than  results  of  stability 


theory  detecting  the  growing  for  large  x  solutions 
U3D(x,y,z),  define  secular  terms  in  expansions  (19).  The 
main  distinction  of  the  proposed  approach  from  the 
stability  theory  is  the  rigorous  definition  of  space  scales, 
their  dependence  on  basic  parameters  and  clear  physical 
meaning. 

Vortex  dynamics  in  transitional  boundary  layers  over 
concave  surfaces  can  be  better  understood  if  the  space 
scales  of  the  3D  vortical  motion  found  from  the  present 
analysis  are  interpreted  in  terms  of  the  well  known 
stability  approach. 

To  match  these  two  approaches,  obtained  Lo  and  Xc 
values  can  be  considered  in  the  frame  of  the  Goertler 
stability  diagram  (Fig.  2)  which  allows  to  judge  about  the 
amplification  rates  of  disturbances  at  growing  Reynolds 
or  Goertler  numbers.  The  minimal  scale  of  vortices  for  a 
wide  range  of  nondimensional  wave  numbers  is  given  in 
the  diagram  by  the  nondimensional  wave  parameter  Ao= 
Uo/v(k//R)''^  =30  found  both  numerically  (Florian,  Saric, 
1982),  and  experimentally  (Yurchenko  et  al,  1985, 

Aihara,  1985),  Fig.  3.  Numerous  results  of  other 
experimentalists  cited  by  (Florian,  Saric,  1982)  display 
nondimensional  scales  of  longitudinal  vortices  (of  greater 
values)  existing  in  boundary  layers  over  concave  walls 
Since  all  the  transverse  space  scales  in  this  problem  are  to 
be  proportional  to  Lo  value,  it  is  evident  that  Xz=cLo  ,here 
c  is  constant.  Substituting  Xz  into  Ao  ,one  can  find  c  ~  9. 
Thus  the  minimal  spanwise  scale  of  longitudinal  vortices 
in  the  Goertler  problem  is  defined  by  the  basic  flow 
parameters  as  Xz=9RReR‘^^. 


Fig.2.  Goertler  stability  of  streamwise  vortices 
in  boundary  layers:  1, 2  -  calculations  by 
Florian  &  Saric  (1982),  curves  of  neutral 
stability  and  maximum  growth  rates 
respectively;  3  -  experimental  curves  of 
neutral  stability  and  maximum  growth  rates 
respectively  by  Yurchenko,  1985, 1986;  4  - 
experimental  data  for  a  neutral  stability  curve 
(rigid  surface)  obtained  by  Aihara  (1985);  5  - 
vortices  with  maximum  growth  rates 
(experiment,  Yurchenko,  1985;  6,  7  - 
experimental  results  by  Blackwelder  (1987), 
Bippes  (1972),  and  Tani  (1962) 
correspondingly. 
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The  obtained  results  allow  to  explain  the  formal  meaning 
of  the  receptivity  concept  and  to  describe  possible 
scenarios  of  boundary  layers  development  in  space  scales 
terms.  Let’s  consider  the  interaction  of  the  homogeneous 
meanflow  Uo=  { 1 ,0,0}  with  different  types  of  disturbances. 
It’s  evident  that  Uo  is  exact  solution  of  foil  nonstationary 


zero  approximation  of  e  is  2D  and  self-similar.  So, 
theoretically  the  BL  development  over  concave  surfaces 
can  be  presented  as  follows:  in  case  of  s=0  we  have  the 
flat  plate  and  for  this  value  of  basic  parameter  the  BL 
development  is  described  by  Blasius  or  Folkher-Skan  2D 
self-similar  solutions.  From  the  viewpoint  of  disturbances 


x*=Re=xUo/  V 
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Fig.  3  Validity  Diagram.  Theoretical  Scenarios  of  Boundary  Layers  Development 
over  Concave  Surfaces. 

Characteristic  lines: 

x*=Re=AReR^^  =Ae''“  -  transition  point; 

X,*z=LzUo/v  =  9  Ror'^  =9  s“'^  -  minimal  scale  of  vortices; 


Navier-Stokes  equations  with  corresponding  initial  and 
boundary  conditions.  Fig3  represents  the  physical 
interpretation  of  results  obtained  in  the  frame  of  the 
proposed  approach.  The  vertical  axis  is  the 
nondimensional  distance  from  the  leading  edge  of  the 
concave  surface  based  on  viscous  length;  the  horizontal 
axis  corresponds  to  the  value  of  basic  parameter  of  the 
problem  -  b^Rcr*.  From  the  physical  viewpoint  these 
axes  reflect  the  values  of  disturbances  due  to  viscous 
(vertical)  and  centrifugal  (horizontal)  forces. 

Theoretically  it  was  shown  that  the  flow  over  concave 
surface  primary  has  3D  character  and  the  generating 
vortical  structures  are  elongated  in  the  downstream 
direction.  The  main  reason  of  such  streamwise  vortices 
appearance  is  the  availability  of  centrifugal  forces.  For 
small  X  (compare  to  Lx,  not  to  viscous  length)  the  flow  in 


introducing  into  meanflow  the  flat  plate  represents  the 
disturbance  of  meanflow  due  to  non  slip  conditions.  The 
result  of  these  disturbances  with  meanflow  is  the  Blasius 
flow.  In  other  words  Blasius  flow  describe  the  receptivity 
of  the  meanflow  to  disturbances  generated  by  plate.  The 
only  one  space  scale  exists  in  this  problem  -  viscous 
scale=vAJo,  connected  with  the  type  of  disturbances. 
Namely  this  circumstance  explains  the  existence  of  Rcc  - 
critical  Reynolds  number  characterizing  the  transition  to 
turbulence  in  case  of  the  flat  plate  and  the  existence  of 
self  similarity. 

And  now  let’s  consider  the  Falkner-Skan  flows,  which  are 
self  similar  too.  The  existence  of  the  self  similarity  is 
connected  with  the  special  kind  of  flow  far  from  plate 
U~x™,  which  can  be  considered  as  special  kind  of 
disturbances  of  meanflow  Uo.  From  the  physical  point  of 
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view  there  is  two  types  of  disturbances  -  non  slip 
conditions  and  the  special  kind  of  meanflow  disturbances. 
Therefore  Falkner-Skan  solution  describes  the  nonlinear 
interactions  between  two  types  of  disturbances  and  result 
in  boundary  layer  with  viscous  scale  v/Uo. 

Both  Blasius  and  Falkner-Skan  solutions  are  valid  for 
large  x  (compare  to  viscous  length)  and  describe  the 
nonlinear  interaction  between  meanflow  and  disturbances 
induced  by  nonslip  conditions.  From  the  theoretical 
viewpoint  there  isn't  any  reasons  for  invalidity  of  2D 
self-similarity.  The  situation  is  essentially  changed  in 
the  case  of  the  finite  value  of  e.  For  each  value  s  one  can 
estimate  the  space  scale  of  quasi  2D  BL  and  minimal 
scale  of  the  generating  3D  vortices.  The  upper  curveline 
divides  the  plane  onto  two  parts  -  the  upper  part 
corresponds  to  the  domain  of  3D  streamwise  vortices  and 
the  lower  part  -  to  quasi  2D  BL  with  the  self-similar 
solutions.  The  lower  curveline  defines  the  minimal  scale 
of  generating  vortices  for  given  value  s.  Thus,  this 
diagram  describes  the  theoretical  scenarios  of  BL 
development  over  concave  and  flat  plate  and  1)  shows 
the  singular  degeneration  of  the  problem  at  the 
degeneration  of  the  space  dimensionality  (at  8  =0  we 
have  2D  BL,  at  finite  e  -  3D);  2)  that  the  nature  of 
streamwise  vortices  is  connected  with  the  nonlinear 
interaction  between  deterministic  viscous  and 
centrifugal  disturbances  (but  not  with  the  instability  of 
meanflow).  From  this  point  of  view  the  upper 
curveline  describe  the  receptivity  of  viscous  BL  to 
"external"  disturbances  due  to  centrifugal  forces. 

It  was  the  theoretical  analysis  of  possible  scenarios  of 
BL  development  under  centrifugal  forces  and  this  analysis 
e5q)lain  some  specific  features  mentioned  above.  Results 
of  this  analysis  allow  us  to  understand  the  physical  nature 
of  real  flows  over  concave  surfaces.  Fig.4  represents  the 
diagram  describing  the  possible  scenarios  of  real  BL 
flows  under  centrifiigal  forces  in  terms  of  basic 
parameters.  First  of  all  let's  consider  the  case  of  £=0  - 
flat  plate.  The  real  flow  is  characterized  by  critical 
Reynolds  numbers  -  Rei,2  -  nondimensional  streamwise 
distance  where  the  transition  to  turbulence  occurs.  This 
transition  reflects  the  existence  of  random  fi:eestream 
disturbances  and  represents  the  result  of  nonlinear 
interaction  between  such  random  and  deterministic 
disturbances  due  to  nonslip  conditions.  In  other  words 
freestream  disturbances  define  the  quality  of  real 
meanflow  and  surface  (from  the  viewpoint  of  their 


correspondence  to  theoretical  initial  and  boundary 
conditions).  It  means  that  the  stability  theory  describes 
the  interaction  between  random  and  deterministic  types 
of  disturbances  and  this  theory  is  natural  for  the  flat  plate. 
That  why  the  stability  theory  defines  well  the  value  of 
critical  Rec.  But  the  situation  is  getting  quite  different 
in  the  case  of  concave  surface.  As  it  was  shown, 
streamwise  vortices  generation  is  connected  with  the 
nonlinear  interaction  between  deterministic  viscous  and 
centrifugal  disturbances.  Therefore  the  streamwise 
vortices  generation  couldn't  be  described  principally  by 
the  stability  theory. 

The  real  flow  over  concave  surface  can  be  presented  as 
follows:  for  value  b  <  E2  the  scenario  of  BL  development 
is  defined  by  interaction  of  random  freestream  and 
deterministic  viscous  disturbances  and  is  similar  to  the 
scenario  over  the  flat  plate.  Differences  will  appear  in 
the  domain  x*>Rei.  In  this  turbulent  region  the  Goertler 
vortex  structure  will  have  to  be  appeared  due  to 
influence  of  curvature  (this  question  requests  the 
additional  investigations).  In  the  region  E>e2  we  have 
"transition”  from  2D  self-similar  flow  into  3D  streamwise 
vortices  (like  in  the  previous  diagram).  Here 
"transition"  means  that  3D  effects  become  relatively  large 
and  could  be  detected  mqrerimentally.  This 
transition  (called  the  primary  instability)  is  defined  by 
nonlinear  interaction  of  DETERMINlS'nC  disturbances, 
but  is  not  the  result  of  meanflow  instability.  The 
generating  streamwise  vortices  represent  the  3D 
MEANFLOW  for  this  case.  These  vortices  growth  in 
streamwise  direction  and  the  intensity  of  their  vorticity 
decrease.  Finally  the  freestream  disturbances  become 
comparable  with  disturbances  due  to  vortices.  The 
nonlinear  interaction  between  freestream,  viscous  and 
centrifugal  disturbances  physically  defines  the  breakdown 
of  streamwise  vortices  and  the  transition  to 
turbulence.  The  dependence  of  points  where  the  primary 
and  secondary  instabilities  occur  on  the  basic  parameter 
has  the  same  form  with  different  constants  A  and  B.  But 
these  constants  have  a  quite  different  physical  meaning  - 
constant  A  separates  the  laminar  BL  regime  onto  2D 
and  3D  domains  and  actually  is  detected  by  the 
experimental  investigations  accuracy.  Constant  B  has  the 
same  nature  as  critical  Rce  for  the  flat  plate  and  reflects 
the  meanflow  and  surface  quality. 
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Fig  .4  Validity,  Stability  and  Receptivity  Diagram 
Characteristic  lines: 

x*=As‘^^^  -  primary  instability;  x*=Bb‘^^  -  secondary  instability; 

X,*z=  >.zUo/v=9  s'*®  -  minimal  scales  of  vortices. 

L2d=  Ae'^  -  length  of  2D  BL,  L3d=  (B-A)e'^^  -  length  of  3D  BL  (Streamwise  vortices), 

Rei,2  -  critical  Reynolds  numbers  for  the  flat  plate,  6i,2=(A/Rei,2)*®. 

Boundary  Laver  Control:  -  control  of  the  bulk  vorticity;  -  control  of  the  surface  vorticity 


This  diagram  allows  to  propose  some  ideas  related  to 
optimal  BL  control  methods  and  shows  the  possible  ways 
of  such  control  using  artificial  disturbances.  Indeed,  the 
streamwise  vortices  generation  and  their  minimal  space 
scales  are  defined  by  the  interaction  of  surface  and  bulk 
sources  of  vorticity.  So,  the  idea  of  the  optimal  BL  control 
consists  in  the  opportunity  to  balance  the  viscous  and 
centrifugal  (surface  and  bulk)  sources  of  vorticity.  It 
means  1)  the  increasing  of  BL  thickness  or/and  2)  applying 
of  some  bulk  source  of  vorticity  ( from  this  point  of  view 
artificial  vortex  generators  don't  generate  streamwise 
vortices  by  themselves  -  they  make  comparable  the 
intensities  of  bulk  and  surface  sources  of  vorticity).  For  each 
value  ofbasic  parameter  e  and  value  of  point  Xc  where  it's 
necessary  to  generate  streamwise  vortices,  one  can  show 
the  possible  and  optimal  ways  to  do  this 

4  CONCLUSIONS 

•  The  asymptotic  analysis  of  Navier-Stokes  equations 
brought  to  a  deeper  insight  into  the  laminar-turbulent 
transition  mechanism  and  the  vortical  boundary  layer 
structure  developing  under  centrifugal  forces. 
Longitudinal  vortices,  as  an  essential  flow  structural 
feature,  were  shown  to  originate  from  the  interaction  of 
two  vorticity  sources  (due  to  viscous  and  centrifugal 
forces)  when  their  intensities  become  comparable  at  a 


certain  distance.  Available  centrifugal  forces  were 
proved  to  result  in  essentially  3D  nature  of  boundary 
layers. 

•  streamwise  vortices  generation  is  not  a  result  of 
instability  of  some  unknown  meanflow.  This  is  result  of 
nonlinear  interaction  between  DETERMINISTIC  viscous 
and  centrifugal  disturbances; 

•  "secondary  instability"  is  really  instability  of  streamwise 
vortices-  result  of  nonlinear  interaction  between 
random  freestream  and  deterministic  viscous  and 
centrifugal  disturbances. 

•  Presented  analysis  allows  naturally  to  join  and 
mathematically  explain  such  notions  as  validity,  stability 
and  receptivity  and  propose  the  optimal  ways  of  BL 
control  using  basic  parameters. 

Besides,  this  approach  gives  a  natural  classification  of 
disturbances: 

1 .  Initial  and  Boundary  Conditions;  Body  Forces  -  could 
be  described  rigorously  by  thermodynamic  and  Navier-Stokes 
equations; 

2.  Freestream  disturbances  (random)  -  reflect  the  meanflow 
and  surface  quality; 

3.  Artificial  generators  -  vortex  generators. 

The  presented  analysis  explains  the  physical  mechanism  of 
different  types  of  motion  (Blasius  and  Falkner-Skan  flows, 
Tollmien-Schlicghting  waves,  longitudinal  vortices. 
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turbulence)  generation  and  existence  in  boundary  layers  with 
centrifugal  forces  as  result  of  nonlinear  interaction  between 
disturbances  due  to  viscosity  /  centrifugal  forces  and 
meanflow.  The  problem  can  be  characterized  by  three  internal 
space  scales,  characterizing  the  the  nonlinear  interactions  of 
free,  viscous  and  centrifugal  disturbances. 

The  validity  of  the  used  approach  follows  from  the  comparison 
of  the  results  presented  in  the  frame  of  the  Goertler  stability 
diagram,  the  present  approach  having  the  advantage  of  a  more 
general  character,  and  possible  applications  dealt  with  the 
boundary  layer  control.  It  allows  to  understand  the  transition  to 
turbulence  as  a  continuous  process  with  the  vortex  dyneimics 
stipulated  by  domination  or  balance  of  available  forces. 
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1.  SUMMARY 

Experimental  studies  conducted  on  live  penguins  as  well  as 
measurements  with  life-sized  models  of  their  trunk  in  a  water 
tank  revealed  extremely  low  drag  coefficients,  althou^  there 
was  some  evidence  that  transition  from  laminar  to  turbulent 
near-wall  flow  occurred  in  the  most  frontal  part  of  their  body. 
At  a  Reynolds  number  of  310*  the  drag  coefficients  were  20- 
35  %  lower  than  those  reported  for  the  best  turbulent 
technical  bodies.  Contrary  to  fish  and  dolphins,  the  penguin’s 
trunk  does  not  contribute  to  thrust  production.  Trunk 
oscillations  dining  a  wing  beat  cycle  are  moderate.  Therefore, 
the  spindle-like  penguin  trunk  may  well  serve  as  live 
example  for  how  energy  may  be  saved  by  shape  optimisation 
of  stiff  bodies.  The  trunk  of  these  birds  is  relatively  short  and 
thick,  thus  offering  a  large  volume  with  minimum  drag. 

Using  the  arithmetic  means  of  data  on  body  geometry  from 
three  medium  sized  penguin  species,  an  axisymmetric  body 
was  constructed.  By  drag  measurements  in  a  water  tank,  this 
body  of  revolution  was  found  to  be  an  excellent  low-drag 
laminar  body  (e.g.  the  lowest  frontal  drag  coefficient  was  Cwf 
=  0,0156,  measured  at  Reo  =  2,33110*).  When  the  transition 
from  laminar  to  turbulent  flow  was  triggered  at  at  5  %  of  the 
body  length  the  surface  drag  coefficients  remained  even  lower 
than  those  of  a  turbulent  flat  plate  of  equal  length,  and  with 
increasing  Reynolds  numbers  they  declined  at  a  higher  rate. 

Detailed  studies  on  boundary  layer  development  suggested 
that  drag  reduction  resulted  from  the  multiple  curved  (wave¬ 
like)  outlines  of  the  body.  Due  to  alternating  concave  and 
convex  parts,  a  stepwise  pressure  and  velocity  distribution 
was  developed.  Thereby,  the  thickness  of  as  well  as  the 
boundary  layer  the  turbulent  velocity  fluctuations  within  the 
boundary  layer  could  be  managed  to  keep  the  wall  shear 
stress  low.  Hypothetically,  by  this  mechanism,  the  vertical 
exchange  of  energy  can  be  memaged  in  a  way  that  the 
boundary  layer  receives  energy  from  the  outer  flow  just 
sufficient  to  prevent  flow  separation. 

Recently,  some  numerical  approaches  have  proved  the 
Evolution  Strategy  to  be  an  appropriate  method  to  achieve 
optimisation  in  a  parallel  way  as  used  by  nature.  However, 
based  on  the  calculation  methods  implemented  as  yet, 
multiple  curvature  effects  did  simply  not  occur  even  in  these 
simulations.  Nevertheless,  since  most  of  the  higher  evolved 
flying  and  swimming  animals  show  wavy  body  contours, 
comparative  studies  on  the  curvature  development  with  size 
progression  seem  to  be  promising.  At  least,  a  first  comparison 
of  three  different  sized  penguin  species  suggests  that  there 


might  be  some  distinct  (“harmonic”)  solutions  to  that  kind  of 
shape  adaptation. 

However,  viscous  drag  reduction  becomes  most  efficient  if 
shape  optimisation  can  be  combined  with  appropriate  drag- 
reducing  surfaces  and/or  other  mechanisms  of  drag  reduction. 
Using  a  novel  method  for  flow  visualisation  with  controlled 
dye  ejection  underneath  of  the  plumage  fundamental  insights 
into  the  details  of  the  boundary  layer  development  in  live 
penguins  swimming  at  various  flow  conditions  and  into  its 
interaction  with  the  vortex  system  generated  by  the  wings 
could  be  obtained.  These  visualisation  experiments  confirmed 
that,  in  fact,  transition  occurred  in  the  most  frontal  part  of  the 
bird’s  body.  In  most  cases,  a  quite  regular  pattern  of 
transversal  waves  running  over  the  compliant  surface  of  the 
plumage  (wave  length  2  -3  cm)  was  observed.  Corresponding 
to  the  wing  circulation  changing  its  direction  during  each 
stroke  phase,  the  waves  became  more  pronounced  on  the 
dorsal  and  ventral  side  during  the  up-stroke  and  down-stroke, 
respectively. 

Apart  from  rather  passive  mechanisms  (multiple  curvature 
effects,  compliance  and  microstructure  of  the  plumage) 
possibly  responsible  for  keeping  boundary  layer  turbulence 
at  a  certain  but  overall  low  level,  the  structure  of  the  near 
wall  flow  was  managed  also  by  a  number  of  active 
mechanisms:  Tiny  adjustments  of  the  body  shape  (changes 
in  the  position  of  the  head,  neck,  feet  and  tail)  and  thereby 
of  the  pressure  and  velocity  distribution  had  a  remarkable 
influence  on  that  flow  pattern.  Additionally,  just  after 
descending,  some  parts  of  the  body  may  became  covered  by 
a  thin  film  of  air  that  reduces  the  wall  shear  stress  locally  to 
an  absolute  minimum.  These  areas  corresponded  well  to 
those  characterised  by  a  low  pressure  gradient  in  tlie  earlier 
model  experiments.  The  most  persistent  air  bubble  was  the 
one  in  the  neck,  which  was  subjected  to  unsteady 
oscillation.  At  this  location  a  vortex  seems  to  be  formed 
which  is  assumed  to  underlie  the  same  oscillation.  This 
could  be  a  possible  explanation  for  the  mechanism 
generating  the  running  wave  observed  further  downstream 
in  the  boundary  layer. 

Finally,  an  extraordinary  measure  to  drastically  reduce  body 
drag  temporarily  could  be  a  sudden  ejection  of  large  amounts 
of  air  by  the  bird.  Boundary  layer  saturation  with  air  bubbles 
could  be  observed  when  the  animals  try  to  achieve  extreme 
acceleration  e.g.  during  escape  reactions  or  before  jumping 
out  of  the  water. 
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Fig.  7  Paint-Jlow  visualisation  without  (above)  and  with 
turbulence  generator  (below). 


Fig.  S  Velocity  profiles  in  the  wavy  frontal  part  of  the  body 
measured  by  hot-wire  anemometry.  The  horizontal  lines 
indicate  the  boundary  layer  thickness  corresponding  to 
99%  of  the  velocity  of  the  outer  flow. 
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Fig.  10  Boundary  layer  visualisation  in  a  live  Gentoo 
penguin.  Above:  a  single  picture  printed  out  from  video 
records.  Below:  Scheme  obtained  from  the  entire  sequence. 
1  air  bubble,  2  and  3  indicate  the  places  of  dye  application. 
Note  the  quite  regular  pattern  of  the  intermittent  flow. 


Fig.  11  Schematic  graph  of  a  rare  high-speed  video  picture 
showing  the  development  of  ring  structures  in  the  boundary 
layer  of  an  Adelie  penguin. 


Fig.  9  Turbulence  profiles  at  the  same  points 


Fig.  11  Comparison  of  the  body  contours:  Little,  Gentoo 
and  Emperor  penguin. 
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Fig.  1  Geometry  of  3  casting  penguin  models:  Adelie  (solid 
line),  Chinstrp  (dashed  line)  and  Gentoo  penguin  (dotted 
line) 


Table  1.  Geometry  of  penguin  bodies.  A  frontal  area  (m^), 
d  diameter  of  the  frontal  area  (m),  I  body  length  (m),  xj 
abscissa  of  the  maximum  thickness  (m),  l/d  length  to 
thickness  ratio,  xj/l  maximum  thickness  position. 


species 

1/d 

X(j/1 

A  d= 

'■yj(AAI  7t) 

P.  antarctica 

4,54 

0,44 

0,01959 

0,158 

P.  adeliae 

4,35 

0,47 

0,02083 

0,163 

P.  papua 

4,00 

0,44 

0,02706 

0,186 

body  of  revolution 

4,237 

0,443 

0,02147 

0,165 

Fig.  3  Model  of  a  Gentoo  penguin  in  the  smoke-wind  tunnel 


(steam  velocity  11  m/s) 


Fig.  4  Frontal  drag  coefficients  plotted  against  Reynolds 
numbers.  Not  that  in  this  graph  Re  was  calculated  by 
using  the  maximum  diameter  as  reference  length. 
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Fig.  5  Surface  drag  coefficients  of  the  body  of  rotation 
plotted  against  Reynolds  numbers.  Note  that  in  this  graph 
Re  was  calculated  by  using  the  body  length  as  reference 
length.  The  bracket  values  contain  drag  increase  due  to 
undesirable  Froude  numbers  and  should  be  ignored.  Dotted 
lines:  laminar  (below)  and  turbulent  (above)  flat  plate. 
Dashed  line  on  top:  turbulent  bodies  with  a  length  to 
thickness  ratio  of  4.2  (after  Hoemer  1965). 


Fig.  6  Pressure  distribution,  experimental  and  numerical 
data. 
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Summary 

Visco-elastic  properties  of  various  materials  and 
combinations  of  their  layers  were  measured,  results  having 
been  presented  by  stress-strain  characteristics  for  samples 
defined  by  density,  porosity,  and  layer  thickness.  To 
estimate  the  flow-surface  interaction  and  to  compare 
compliant  coatings,  they  were  characterized  by  non- 
dimensional  parameters  describing  their  inertial,  visco¬ 
elastic,  and  damping  properties. 

Boundary-layer  vortex  dynamics  was  studied  experimentally 
in  a  water  chaimel  over  flat  and  concave,  rigid  and  compliant 
surfaces  at  natural  transition  to  turbulence  and  under  the 
generation  of  longitudinal  vortices.  Compared  to  the  rigid 
plate  case,  boundary  layers  over  compliant  surfaces  were 
found  to  have  a  larger  scale  vortical  structure.  Besides, 
boundary  layers  over  compliant  surfaces  demonstrated 
lower  receptivity  to  external  disturbances. 

Introduction 

Propulsion  efficiency  of  moving  bodies  is  known  to  depend 
significantly  on  their  surface  state.  One  of  the  possible 
surface  arrangements  which  can  result  in  decreased  hydraulic 
losses,  deals  with  the  application  of  compliant  coatings.  The 
problem  consists  of  two  mutirally  cormected  parts:  studies  of 
visco-elastic  properties  of  compliant  materials  and 
investigation  of  their  interaction  with  the  bormdary  layer 
flow. 

In  this  cormection,  the  present  work  is  aimed,  first,  at 
mechanical  measurements  of  practically  available  resin-like 
materials  and,  secondly,  flow  tests  of  such  materials  and 
their  combinations. 

Mechanical  measurements 

To  define  a  set  of  parameters  which  are  essential  to 
characterize  materials,  they  should  be  considered  together 
with  a  set  of  basic  flow  parameters.  Correlation  of  these  two 
sets  of  parameters  allows  to  describe  the  mechanical 
behavior  of  compliant  materials  with  their 

inertial  vroperties:  M  =  pd/po8i, 

p,  po  -  densities  of  a  compliant  material  and  a  flow  fluid, 
d  -  thickness  of  a  compliant  layer. 

Si  -  displacement  thickness; 

elastic  properties-.  C  =  poU«^  /  2E, 

U«  -  firee-stream  velocity, 

E  -  elasticity  modulus  of  a  compliant  material; 


dampmprppertiaj.  D  =  K/^^(p')^^ /O.SpjU^ 

p'  -  pressure  fluctuations  in  a  flow, 

K  -  damping  coefficient  of  a  compliant  material 

Following  this  scheme,  for  the  first  characterization  of 
potential  compliant  coatings,  density  values  of  homogeneous 
materials  with  different  porosity  were  measured,  the  results 
having  been  presented  in  Table  1,  Fig.  1. 

Compliant  coatings  for  tlie  flow  tests  were  fabricated  in  a 
foim  of  one-layer  materials  of  various  thickness  glued  to  the 
Plexiglas  basement,  as  well  as  multi-layered  constructions 
consisting  of  the  layers  of  the  same  or  different  materials 
(Table  2).  It  should  be  mentioned  that  the  glue  layer  itself 
represented  a  thin  membrane.  There  was  also  reserved  a 
possibility  to  heat  some  of  the  coatings.  A  more  complicated 
construction  of  the  compliant  coating  is  proposed  in  the 
patent  described  in  (Ref  1 ). 

Elastic  properties  were  measured  according  to  the  scheme  of 
Fig.  2  which  illustrates  two  possible  cases  of  a  loading  state 
of  tested  coatings:  with  a  thin  rubber  membrane  glued  (a)  to 
the  external  surface  and  (b)  between  the  layers  of  a 
compliant  material.Fig.  3  shows  a  scheme  for  investigation  of 
damping  properties  based  on  a  principle  of  a  falling  steel  ball 
and  the  measurement  of  its  initial  height  and  that  of  a  first 
bounce.  To  some  extent,  it  models  a  local  affect  of  pressure 
fluctuations  on  the  coating  together  with  the  generation  of  a 
corresponding  frequency  spectrum  there.  The  damping 
coefficient  was  defined  as  K  =  1-  hi/ho.  This  characteristics 
can  be  easily  expressed  in  terms  of  widely  used  damping 
parameters,  such  as  a  loss  angle,  tg  9  =  E"/E',  E*  =  E'+iE"  = 
ct/s,  or  a  logarithmic  decrement,  8  =  In  (An/An+i)  =  re  tg  9. 
Here  the  values  of  interest,  stress  and  strain,  represent 
correspondingly  (T  =  ocosro/ and  E  =  icos(tn/-9),thus 
including  into  consideration  the  static  loading  case.  Then  the 
loss  angle  tg  9  can  be  expressed  through  the  damping 
coefficient  K  as  follows 

tg  9  =  1/ic  In  (ho/hi)  =  -  l/7t  In  (1-K). 

Another  method  of  dyiuunic  measurements  of  soft  materials 
is  described  in  (Ref  2). 

The  results  of  present  measurements  for  certain  material 
samples  and  fabricated  test  plates  (table  3)  are  given  in  a 
form  of  the  damping  coefficient  K  depending  on  the 
excitation  energy  P  =  mg  ho,  where  m  is  a  mass  of  the  falling 
ball  (Fig.  4).  Here  dashed  curves  1-7  correspond  to 
homogeneous  materials,  8  and  9  represent  the  results  for  two 
superimposed  materials  No.  4  and  No.  5  without  gluing  them 
together  with  respective  external  layers,  No.  4  or  No.  5;  solid 
lines  correspond  to  the  plates  fabricated  from  the  materials 
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indicated  in  brackets.  It  is  seen  that,  varying  a  thickness  of 
the  layers,  types  of  the  materials,  and  their  combinations  in 
plate  constructions,  one  can  obtain  a  variety  of  damping 
characteristics  of  the  coating  for  a  given  energy  range.  For 
instance,  simple  variation  of  a  coating  thickness  (curves  5-7) 
results  in  different  values  and  character  of  K(PX  the 
minimum  coating  thickness  of  3.5  mm  (curve  5)  having 
displayed  the  influence  of  a  Plexiglas  basement  which 
properties  are  described  with  a  curve  14.  Heating  of  the 
compliant  plate  No.  7  (curve  11)  increases  the  damping 
compared  to  the  “cool”  plate  (curve  12).  However  flie  effect 
(“sign”)  of  heating  was  found  to  depend  on  a  type  of  the 
material. 

Figs.  5, 6  show  strongly  nonlinear  stress-strain  characteristics 
of  given  materials.  Therefore  the  elasticity  modulus  E  can  be 
estimated  as  a  slqje  of  <Mily  initial  parts  of  presented  stress- 
strain  curves  showing  the  possibility  to  obtain  E  »  10'*  -  lO’. 
The  external  rubber  membrane  qrpears  to  increase 
significantly  the  elasticity  of  a  sj^tem  (compare  curves  PI.  1 
and  PI.  2,  Fig.  5);  combinations  of  layers  of  the  same 
material  (PI.  3, 4, 5)  give  a  range  of  various  E  values.  The 
same  is  also  demonstrated  in  Fig.  6  for  the  test  plates  7, 8, 9 
(solid  lines)  fabricated  fiom  various  combinations  of  the 
materials  1, 3, 5, 6  (dashed  lines). 

For  the  flow  tests,  the  plates  7-1 1  were  selected  but  the  main 
part  of  experiments  in  a  transitional  boundary  layer  was 
carried  out  over  the  compliant  coating  No.  10  which 
represented  a  one-layer  material  No.  3  glued  to  the  Plexiglas 
basement. 

Boundary  layer  measurements 

Flow  measurements  were  carried  out  in  an  open  water 
diannel  with  fiee-stream  turbulence  level  of  about  0.05% 
that  could  be  increased  up  to  10.0%;  a  test  section  sketch  is 
given  in  Fig.  7  (a),  the  experimental  facility  and 
measurement  technique  having  been  described  in  detail  in  an 
earlier  publication  (Ref  3).  The  boundary  layer  was 
investigated  on  a  bottom  of  the  test  section  with  transparent 
side  waUs.  It  provided  a  possibility  to  use  flow  visualization 
techniques  to  register  a  kinematic  flow  structure. 
Electrochemical  tellurium  method  was  used  to  get  visualized 
patterns  adequate  to  U(z)  velocity  distributions,  the  tellurium 
wire  having  been  oriented  along  z  axis.  Applied  pulses  of 
voltage  resulted  in  the  ejection  of  colored  lines  of  colloidal 
tellurium.  Typical  visualized  time  lines  propagating 
downstream  of  the  vortex  generators  are  shown  in  Fig.  7  (b, 
c). 

The  test  section  bottom  surface  was  either  flat  or  contained  a 
crmcave  part  with  a  curvature  radius,  R  =  1, 4  or  12  m.  In 
each  case,  a  distance  from  the  leading  edge  to  the  curved 
section  was  50  cm  and  a  maximum  surface  sag  was  5  cm. 

The  laminar-turbulent  transition  was  studied  over  rigid  and 
compliant,  flat  and  concave  surfaces,  that  is  taking  into 
account  the  influence  of  available  centrifugal  forces  and 
emphasizing  the  role  of  streamwise  vortices  in  the  flow. 
Properties,  behavior  and  control  of  longitudinal  vortices 
naturally  developing  during  transition  to  turbulence  and 
those  induced  with  an  array  of  vortex  generators  were  the 
main  purpose  of  these  studies.  The  special  interest  to  the 
longitudiW  vortical  structure  is  stipulated  with  the 
prevalance  of  this  motion  type  in  various  flows  (Ref  5)  and 
the  possibility  to  describe  it  in  the  rigorous  matlienutical 


formulation  (Ref  6)  that  together  with  results  of  experiments 
brings  to  the  understanding  of  basic  mechanisms  of  vortex 
dynamics. 

Vortex  generatOTs  were  mounted  on  the  test  surface  [4];  the 
distance  between  adjacent  vortex  generators  varied  in  the 
range  of  X®  =  0.4  -3.2  cm  with  0.2  cm  step  having  defined 
the  scale  of  generated  vortices. 

Fig.  8  shows  the  time  lines  in  xz  plane  across  the  boundary 
layers  over  flat  rigid  (left)  and  compliant  (right)  surfaces. 
Analogous  flow  conditions  in  both  cases  resulted  in  a 
strongly  three-dimensional  flow  structure  in  a  transitional 
bound^  layer  over  the  rigid  plate,  while  all  the  processes 
were  delayed  and  smoothed  over  a  compliant  plate  (Ref  8). 
Experiments  with  the  generation  of  regular  vortices 
displayed  a  picture  similar  to  that  of  the  natural  transition  of 
Fig.  8:  intensity  and  scale  of  generated  vortices  had  to  be 
greater  than  on  a  rigid  surface  to  cause  a  noticeable 
response  of  the  boundary  layer  over  a  conqjliant  surface  to 
external  disturbances.  To  formalize  the  investigation  of  the 
boundary  layer  receptivity,  it  was  carried  out  in  terms  of 
Goertler  stability.  It  means  that  boundary  layers  over 
concave  rigid  and  compliant  surfaces  were  analyzed  from 
the  viewpoint  of  the  flow  ability  to  support  longitudinal 
vortices  of  a  given  scale  under  given  flow  conditions.  The 
results  are  presented  in  Fig.  9  in  a  form  of  neutral  and  most 
amplified  disturbances.  They  show  a  good  agreement  with 
the  numerically  obtained  data  for  the  case  of  a  rigid  surface 
having  been  shifted  to  the  left  (larger  scales)  for  the  case  of 
a  compliant  surface. 

Conclusions 

1 .  Measurements  of  compliant  materials: 

results  for  various  practically  available  resin-type  materials 
are  presented  in  a  form  of  density  values,  stress-strain  and 
damping  characteristics.  They  provide  the  data  base  for 
computational  and  further  experimental  work,  as  well  as 
possibilities  to  estimate  and  obtain  necessary  parameters  of 
the  coatings  for  given  conditions  using  multi-layered 
constructions. 

2.  Flow  measurements: 

conqjared  to  the  rigid  surface  case,  boundary  layers  over 
compliant  surfaces  display 

•  delayed  development  of  the  vortical  structure  during 
transition  to  turbulence, 

•  enlargement  of  the  vortex  space  scales  both  at  natural 
transition,  and  as  a  response  to  external  disturbances, 

•  decreased  amplitudes  of  three-dimensional 
disturbances. 
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pores/iO  cm 
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24 

23 
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19 

16 

3 

■Pt  kg/m3 _ 

42 

120 

133 

173 
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272 

1100 

Fig.1  Measurement  of  inertial  properties;  density  p. 


Fig.  2  Measurement  of  elastic  properties  under  static 
loading;  stress-strain  characteristics,  afe). 


Fig.  3  Measurement  of  damping  properties;  damping  co¬ 
efficient  depending  on  the  excitation  energy,  K{P)  and 
loss  angles  tg  tp. 
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Table  2  Construction  of  multi-layered  compliant  plates. 


plate 

No,’ 

*  J 

2 

3 

4 

'5  ' 

6 

7 

S  " 

10 

11 

layer 

types 

lOnim 

3mm 

2mm 

;3mm 

6mm 

6mm 

3mm 

iillill 

lOmm 

2mm 

5 

ill 

5 

llil 

5 

II  IT) 

ill 

.  11 

10mm 

V 

the  same  porous  material,  No.  1 


J 


CURVE  NO. 

SAMPLE  TYPE 

LOSS ANGLE 

1 

4 

0.7 

2 

3 

0.59 

3 

5,* 

0.46 

4 

5i* 

0.28 

5 

5, 

0.18 

6 

52 

0.15 

7 

53 

0.15 

8 

4  +  5i 

0.64 

9 

5i  +4 

0.47 

10 

PI.  10  (3) 

0.56 

11 

P1.7  (7115)'' 

0.51 

12 

P1.7  (7115) 

0.44 

13 

PI.  8  (5115) 

0.36  1 

Fig.  4  Damping  properties  of  materials  (samples  and  test  plates,  thickness  d ): 
Symbols;  *  -  bigger  pores.  Subscripts:  1  -  d  =  3.5m7n, 

"  -  heating,  2  -  d  =  7.0mm, 

II  -  membrane,  3  -  d  =  10.5mm. 


Fig.  6  Stress-strain  characteristics  of  compliant  materials  1 ,3,5,6  (curves  marked  with  asterisks)  and  multi-layered 
plates  fabricated  from  them. 
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(1) 


a 


b  C 


Fig.  7  (a)  Water  channel  test  section,  3.0m  x  0.25m  x  0.1m,  [/oo  =  0.03  -  0.6m/s. 
(b,c)  Flow  structure  visualization  in  water  channel.  1  -  vortex  generators 

2  -  tellurium  probe 

3  -  visualized  time-lines 
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Fig.  8  Visualized  flow  field  (top  view)  in  transitional  boundary  layers  over  flat  rigid  (a)  and  compliant  (b)  surfaces; 
1  -  Tellurium  wire,  2  -  Tellurium  lines,  3  -  transverse  10cm  marks  along  the  bottom,  4  -  axis  marks; 
a:  Uoo  =  6.7cm/s',  x  =  l.lm;  y  =  3mm  (I),  4mm  (II),  5mm  (III),  6mm  (IV); 
b:  Uao  =  5.0cm/s;  x  =  2.2m;  y  =  2mm  (I),  4mm  (II),  6mm  (III),  8mm  (IV). 
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ool  0.1  IX)  5  2  10.0 


Fig.  9  Stability  of  streamwise  vortices  in  boundary  layers  over  rigid  and  compliant  surfaces. 

1 ,2  -  calculations  by  Florian  &  Saric  (1 982),  curves  for  constant  growth  rates  and  maximum  amplification  respectively: 
3,4  -  experimental  curves  of  neutral  stability  and  maximum  amplification  respectively  (rigid  surface),  (1984); 

5,6  -  experimentally  obtained  regions  for  neutrally  stable  and  most  amplified  disturbances  over  a  compliant  surface; 

7  -  experimental  data  for  neutral  Gortler  stability  curve  (rigid  surface)  obtained  by  Aihara  (1984). 
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Dynamics  of  vortices  in  near-wall  flows:  eigenfrequencies, 
resonant  properties,  algorithms  of  control 

V,  Gorban’,  I.  Gorban’ 
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8/4  Zhelyabov  str.,  Kyiv,  252057 
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1.  SUMMARY 

Some  ways  of  control  of  near-wall  flow  character¬ 
istics  are  analysed.  They  are  based  on  generation 
in  the  flow  of  large  vortical  structures  with  spe¬ 
cial  dynamic  properties.  In  this  connection,  dy¬ 
namics  of  2-D  stationary  vortices  located  near  the 
flow  boundary  irregularities  are  investigated  by  nu¬ 
merical  simulation  with  using  the  model  of  ideal 
incompressible  fluid.  Parameters  of  standing  vor¬ 
tices  in  a  cavity,  behind  a  bulge,  over  a  wavy  wall, 
in  the  wake  of  a  cylinder  were  calculated  and  the 
classification  of  stationary  points  for  corresponding 
areas  was  made.  The  vortex  located  in  the  station¬ 
ary  point  was  shown  has  the  characteristic  eigen- 
frequency.  It  leads  to  resonant  interaction  of  the 
vortex  with  external  perturbations,  when  the  vor¬ 
tex  frequency  is  similar  to  that  of  the  perturbation. 
To  generate  the  stationary  vortices  near  a  body,  it 
is  proposed  to  use  special  cavities  (vortex  cham¬ 
bers).  Patterns  of  the  flow  near  the  wall  with  the 
cavity  were  obtained  by  discrete  vortex  method. 
The  steady  standing  vortex  above  a  flat  ptate  was 
shown  can  be  got  in  the  active  control  system  of 
pulsed  sources  with  feedback. 

2.  INTRODUCTION 

The  control  of  unsteady  fluid  flows  in  near-wall  ar¬ 
eas  and  in  the  wakes  of  bodies  is  attracting  wide 
interest  in  both  the  fluid  mechanics  and  engineering 
because  of  the  many  potential  applications.  Drag 
reduction,  lift  enhancement,  mixing  improvement, 
etc.  are  some  of  the  many  problems  where  con¬ 
trol  of  near-wall  flows  can  be  applied.  Because  of 
the  flows  of  fluid  in  near-wall  areas  depend  con¬ 
siderably  on  motion  and  evolution  of  large  vortex 
structures  existing  there,  knowledge  of  its  dynamic 
properties  is  the  necessary  condition  for  successful 
realization  of  the  flow  control. 

The  end  aim  of  the  control  depends  on  specific  en¬ 


gineering  application  of  the  flow.  To  get  the  opti¬ 
mal  flow  characteristics,  either  formation  of  large- 
scale  vortices,  which  are  steady  to  external  per¬ 
turbations,  or  fast  destruction  of  the  large  vortices 
and  formation  uniformity  vorticity  field  is  needed. 
In  particular,  reduction  of  the  body  hydrodynamic 
drag  can  be  gotten  with  transfer  from  chaotic  tur¬ 
bulent  flow  regime  in  the  near-body  area  to  the 
regular  flow  and  formation  large  steady  vortices  in 
the  wake. 

The  secondary  vortex  structures  in  near-wall  area 
can  be  formed  with  the  help  either  of  special  irreg¬ 
ularities  of  flowed  surface  (cavities,  bulges,  steps), 
or  of  surface  deformations  (for  example,  traweling 
wave)  and  vibration  of  the  body.  As  experimental 
researches  show  [5,8,16  ],  the  generation  of  vortices 
and  ensuring  of  its  stability  demand  large  energy 
costs  which  may  exceed  the  effect  from  the  local 
reduction  of  hydrodynamic  drag.  Besides,  stand¬ 
ing  vortices  are  steady  in  narrow  diapason  of  ex¬ 
ternal  flow  velocity.  The  way  of  control  satisfying 
the  requirement  of  physical  validity  and  utilizing 
the  minimum  amount  of  energy  expenditures  has 
to  use  the  information  about  critical  points  and 
other  topology  features  of  a  flow  pattern  as  well 
as  the  knowledge  of  dynamic  properties  of  the  vor¬ 
tices.  The  modern  control  schemes  are  directed  on 
formation  the  necessary  topology  of  the  flow  pat¬ 
tern  [  6,  7,  14].  The  last  includes  the  change  of 
the  location  of  flow  critical  points  and  their  type, 
that  allows  to  create  the  stability  standing  vortices 
in  flow  field.  Further  control  uses  dynamic  proper¬ 
ties  of  the  vortices  and  either  supports  or  destroys 
those  in  accordance  with  the  aim  of  the  control. 

To  develop  the  algorithms  of  control  of  near-wall 
flow  large-scale  structure,  resonant  properties  of 
vortices  are  also  interesting.  It  is  well  known  that 
water  animals  control  its  flow-around,  spending 
minimum  quantity  of  energy.  It  has  not  been  real- 
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ized  in  technical  equipment  using  analogous  mov¬ 
ing  manner  (for  instance,  in  wavy  engine,  flop¬ 
ping  wing,  impuls  hydrojet  engine).  The  resonant 
regime  of  flow,  in  which  the  small  disturbance  of 
flowing  surface  leads  to  considerable  change  of  the 
flow  pattern  and  appropriate  hydrodynamic  load, 
is  one  of  ways  providing  such  effect. 

To  realize  the  strategy  of  control,  as  passive  algo¬ 
rithms  (change  of  the  flowed  surface  shape,  mount¬ 
ing  the  fixed  wings,  ribs  and  other  elements)  as 
active  those  (periodic  suction  and  blowing,  mount¬ 
ing  the  oscillating  wings)  can  be  applied.  The  ways 
of  control  with  feedback  are  the  most  perspective 
ones.  They  use  monitoring  the  vortical  structure 
of  flow  field  in  virtual  time,  that  allows  to  direct 
purposefully  the  control  force  either  on  keeping  or 
on  destroying  the  stationary  configuration  of  large- 
scale  vortices  in  the  flow. 

Vortical  structure  of  near- wall  flow  in  real  construc¬ 
tions  is  highly  complex  and  depends  on  character 
of  flow-around,  i.e.,  Reynolds  number,  the  shape 
of  the  boundary,  vibration  of  the  design  and  other 
factors.  Formation  of  vortices  in  near-wall  flow  is 
the  display  of  viscous  interaction  forces.  There¬ 
fore,  analysis  of  generation  and  dissipation  of  the 
vortices  demands  the  development  of  complex  and 
detailed  models  based  on  Navier-Stokes  equations. 
In  comparison,  stability  and  dynamic  properties  of 
the  large  vortex  structures  formed  due  to  vortex 
sheet  instability  can  be  considered  in  frameworks 
of  ideal  fluid.  Last  years,  the  approach  consider¬ 
ing  the  set  of  vortices  as  a  dynamic  system  was 
developed  [  2,  7,  10,  17  ].  The  steady  vortex  in 
near-wall  flow  was  obtained  to  have  the  character¬ 
istic  eigenfrequency  and  resonant  properties  that 
allows  to  act  on  its  by  means  of  external  periodic 
perturbation  which  has  the  given  frequency  [  10  ]. 
In  the  present  work,  the  theoretical  analysis  of 
topology  of  some  near-wall  flows  and  dynamic 
properties  of  the  vortices  located  there  is  made  as 
well  as  the  ways  of  influence  on  the  behaviour  of 
the  vortices  and  the  general  structure  of  the  flow 
are  grounded. 

3.  VORTICES  IN  RECIRCULATION 
ZONES  FORMED  BEHIND  BOUND¬ 
ARY  IRREGULARITIES:  STATIONARY 
POINTS  AND  EIGEN  FREQUENCIES 

Application  of  artificial  unevenness  of  the  flowed 
surface  (bulges,  grooves,  ribs,  vortex  chambers) 
for  improvement  of  hydrodynamic  characteristics 
of  devices  was  described  by  P.K.  Chang  [  8  ], 
F.  Ringleb  [  15  ],  V.K.Migaj  [  12  ]  and  oth¬ 
ers.  Analysis  of  experimental  and  theoretical  re¬ 


sults  shows  that  reaching  the  necessary  effects  (in¬ 
crease  of  opening  angle  and  reduce  of  hydrody¬ 
namic  losses  in  diffusers,  decrease  of  both  the  body 
hydrodynamic  drag  and  the  sizes  of  recirculation 
zones)  are  explained  not  only  turbulization  of  the 
flow  due  to  unevenness  of  the  wall  but  also  inter¬ 
action  of  formed  vortices  with  external  flow.  Ap¬ 
plication  such  systems  will  make  a  success  if  the 
vortices  in  near- wall  flow  are  steady  ones.  Unfor¬ 
tunately,  experimental  dates  [  5,  8,  15  ]  are  evidence 
of  sensitivity  such  vortices  to  external  flow  pertur¬ 
bations,  that  reduces  efficiency  and  value  consid¬ 
ered  schemes.  In  the  present  work,  the  nature  of 
excessive  sensitivity  and  non-stability  of  vortices  in 
near- wall  flows  is  investigated. 

Here  we  consider  the  flow  near  the  surface  with  a 
cavity  to  demonstrate  the  characteristic  features  of 
near- wall  flow.  The  rolling-up  of  separated  shear 
layer  is  modelled  by  vortex  method  [  3,  4,  9,  11]. 
The  time-dependent  circulation  of  nascent  vortex  is 
predicted  by  an  unsteady  Kutta  condition.  To  sat¬ 
isfy  the  boundary  condition,  the  conformal  map¬ 
ping  of  physical  area  into  the  upper  half-plane  is 
used.  Equations  of  vortex  dynamics  are  analysed 
with  applying  the  numerical  methods.  Since  we 
model  the  flow  with  the  high  Reynolds  number,  we 
have  to  expect  the  following  flow  configuration:  the 
flow  separation  from  the  entrance  edge,  the  forma¬ 
tion  of  mixing  layer  above  the  cavity,  the  backflow 
inside  the  cavity,  the  flow  reattachment  near  the 
outlet  edge  and  the  movement  of  large-scale  struc¬ 
tures  in  the  near-wall  area.  The  complexities  of  the 
simulation  such  processes  are  connected  with  the 
essential  non-stationarity  of  the  vortex  generation 
as  well  as  with  the  necessary  to  take  into  account 
the  interaction  of  the  vortical  structures  of  different 
scales  between  them’s  and  with  the  wall. 

Some  results  of  calculations  are  depicted  in  Fig.l. 
The  vortex  sheet  shedding  from  the  cavity  entrance 
edge  is  unsteady  one.  At  an  initial  stage  of  its  evo¬ 
lution,  the  vortex  sheet  breaks  down  into  the  sep¬ 
arated  vortical  structures  which  are  like  on  those 
generating  in  the  mixing  layer  (Fig.  1  a,b,c). 
These  structures  have  the  periodic  character.  The 
space  and  temporal  periodicity  is  broken  when  the 
shedding  layer  interacts  with  the  wall  near  the  cav¬ 
ity  outlet  edge.  One  part  of  the  vorticity  goes  into 
cavity  and  forms  the  recirculation  zone  and  another 
part  is  carried  away  in  near-wall  flow.  The  forma¬ 
tion  of  both  the  recirculation  zone  inside  the  cavity 
and  the  quasistationary  flow  in  near-wall  area  be- 
hing  the  cavity  come  over  very  slowly  (  when  r  >  20 
,  where  {  t  =  tU/a,  2a  is  the  cavity  chord).  In 
quasistationary  flow,  the  point  vortices  will  occupy 
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the  cavity  practically  in  regular  manner,  if  the  cav¬ 
ity  is  shallow  (Fig.  Id).  At  the  same  time,  those 
will  concentrate  near  the  cavity  centre,  if  the  cav¬ 
ity  is  more  depth  (Fig.l  e).  As  results  of  simula¬ 
tion  show,  the  recirculation  zone  is  characterized 
by  nearly  periodic  pulsations,  which  are  caused  by 
the  precession  movement  of  the  vorticity  centre  in 
the  cavity  (Fig.  If).  We  will  show  further  that  the 
existence  of  the  eigen  periodic  motion  of  the  vortex 
structures  leads  to  selective  receptivity  of  the  flow 
to  external  periodic  perturbations. 

Existence  of  the  compact  areas  with  large  concen¬ 
tration  of  the  vorticity  allows  to  use  the  simple 
model,  in  which  the  behaviour  of  a  vortex  whose 
strength  is  equal  to  integral  intensity  of  vorticity 
in  the  area  is  considered. 


3.1  Model  of  standing  vortices 
We  are  limited  by  analysis  of  two-dimensional  prob¬ 
lem,  that  permits  to  use  the  methods  of  conformal 
transform  theory.  Let  a  vortex  with  the  coordi¬ 
nates  zo{xo,  Vo)  is  located  in  a  closed  area  D 
whose  boundary  is  C.  The  free  flow  in  the  area 
is  rectilinear  and  is  described  by  the  velocity  Uoo  ■ 
By  means  of  function  C  =  /(^)  we  realize  the 
conformal  mapping  of  the  area  into  the  upper  half¬ 
plane  of  auxiliary  plane  (^.  The  complex  flow  po¬ 
tential  describing  the  free  stream  with  a  vortex  is 
the  following  function  from  C  ■ 


*«)  =  1>o(0+^in^  (1) 

c  =  /(^)- 

Here  $o  is  the  complex  potential  corresponding 
to  the  external  flow,  F  is  the  strength  of  the  vor¬ 
tex,  ^0  is  the  complex  coordinate  of  the  vortex  in 
^-plane,  the  overbar  denotes  a  complex  conjugate 
and  —  —1. 

The  equation  describing  the  movement  of  vortex  in 
the  area  D  can  be  obtained  from  (1): 


Vo  =  Vqx  —  iVoy  = 


dxQ  .dyQ 
dt  *  dt 


\  dC  lc=Co  Ainjo /  dz  \zz=zo  AniXdz'^/ dz/\z=zo 

(2) 

The  position  of  a  stationary  vortex  Zq  [xq,  t/g)  is 
determined  from  the  condition: 

.=  0,  (3) 

\z=z* 


It  can  be  presented  in  the  following  form  : 
(d^Q  I  ,  — 

\  dC  lc=<;  47r>7o  /  1.  V  dz  /  /  dz^l\z=z*  Air 


=  0 
(4) 


Extracting  the  real  part  from  (4)  under  the  condi- 

rd$ol 

tion  Real  derives  the  equation  for 

determining  the  stationary  vortex  position  : 


To  find  the  strength  Fq  of  the  standing  vortex, 
the  image  part  (4)  is  used.  The  condition  (3)  is 
not  sufficient  one.  To  determine  the  parameters  of 
the  standing  vortex  in  full,  Kutta  condition  has  to 
be  used  when  the  flow  boundary  has  sharp  edges. 
Otherwise,  experimental  data  may  be  attracted. 
The  motion  of  the  vortex  in  the  neighbourhood  of 
stationary  point  can  be  as  stable  as  unstable  with 
respect  to  perturbations  of  free  stream  velocity, 
strength  of  the  vortex  and  shape  of  the  flow  bonnd- 
ary.  The  behaviour  of  the  vortex  in  the  neighbour¬ 
hood  of  stationary  point  Zq{xq,  y^)  ,  in  the  pres¬ 
ence  of  perturbations  is  investigated  by  analysis  of 
the  following  linear  equations  : 


dAx 

dr 


=  aiiAa;-b  ai2Ay 


dAy 

dr 


—  a2iAx  -f  a22Ay 


(6) 


Aa;  =  a;o-a;S  Ay  =  yo  -  yl. 

The  coefficients  aij  are  the  components  of  Jacobi 
matrix  for  equation  (2): 


The  asterisk  means  that  derivatives  correspond  to 
the  stationary  point  Zq  (xg ,  2/g )  . 

The  solution  of  system  (5)  may  be  derived  as  : 

Ax  =  X  exp(Ar) ,  Ay  =  Y  exp(Ar) 

The  eigennumber  A  is  determined  from  the  follow¬ 
ing  equation  : 

A^  —  (oii  -f  022)  A  -f  (011022  —  021012)  =  0.  (7) 
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The  set  of  equations  (2)  describing  the  dynamics 
of  a  vortex  is  Hamiltonian  one.  Similarly  [  17  ],  its 
Hamiltonian  is  given  by  the  expression  : 

H[^o,  yo]  =  »7o  +  ^  In  I  )  (8) 

It  is  known  ,  that  in  Hamiltonian  systems,  the  co¬ 
efficient  with  A  (divergence)  in  eq.  (7)  is  equal 
to  zero  :  A  =  an  -t-  022  =  0  .  The  sta¬ 

tionary  point  can  be  either  elliptical  or  hyper¬ 
bolic.  Its  type  depends  on  the  sign  of  the  Jacobian 
J  =  aiia22  —  ^21012  .  Under  the  condition  J  >  0 
one  has  the  steady  stationary  point  and  the  vortex 
revolving  on  its  stationary  point  with  the  charac¬ 
teristic  eigen  frequency  cjq  =  1/011022  —  a2iai2  - 

3.2  Standing  vortex  in  a  cavity 
In  connection  with  development  of  approach  using 
the  vortex  chambers  for  control  of  flow,  we  shall 
consider  the  topology  of  the  flow  in  a  cavity.  The 
depth  of  the  cavity  is  supposed  to  be  much  larger 
than  the  thickness  of  boundary  layer  formed  on  the 
wall.  The  necessary  conformal  mapping  is  carried 
out  by  the  following  function 


where  2ao  is  the  chord  of  the  cavity,  the  angle 
/?  defines  the  cavity  depth  (  /?  <  0  ).  All  linear 
sizes  will  be  divided  by  half-hord  of  the  cavity  oq, 

r  =  r/i7oo<j*o  • 

The  equations  characterizing  the  movement  of  vor¬ 
tex  (2)  as  well  as  those  used  for  determining  the 
coordinates  and  the  circulation  of  standing  vortex 
are  difficult  enough.  To  solve  those,  the  numerical 
procedure  was  used  (the  fourth-order  Runge-Kutta 
method  in  combination  with  the  iteration  scheme 
for  solution  of  transcendental  algebraic  equations). 
As  follows  from  results  of  calculations,  in  a  cavity, 
there  is  the  vortex  which  is  stationary  and  satis¬ 
fies  the  Kutta  condition  in  both  sharp  edges.  It  is 
important  peculiarity  of  the  considered  flow  con¬ 
figuration,  which  shows  that  stabilization  of  vortex 
in  a  cavity  may  be  achieved  without  additional  ad¬ 
mission  of  energy.  The  locus  of  fixed  point  against 
the  angle  /3  characterizing  the  cavity  depth  is  ob¬ 
tained.  In  each  such  point,  the  vortex  is  stationary 
and  satisfies  the  Kutta  condition,  and  its  circula¬ 
tion  To  is  shown  in  Fig.  2  (curve  1). 

A  linear  stability  analysis  shows  that  the  eigenval¬ 
ues  of  the  system  are  complex  conjugates  with  zero 
real  parts.  It  means,  the  fixed  points  of  the  flow 


are  centers  and  if  a  vortex  is  located  in  such  point 
(it  is  standing),  it  will  have  eigenfrequency  wq  (Fig. 
2,  curve  2).  To  give  a  complete  characterization 
of  the  dynamics  of  the  system,  we  plot  the  phase 
portrait  of  the  trajectories  of  the  vortex  (Fig.  3). 
These  trajectories  are  obtained  for  constant  vortex 
circulation.  There  are  four  types  of  vortex  trajec¬ 
tories  delimited  by  separatrixes  and  three  critical 
points.  These  are  the  center  disposed  on  cavity  axis 
and  two  unstable  saddle  points  near  edges.  Phase 
portrait  features  will  play  the  important  role  in 
analysis  of  the  dynamic  properties  and  evolution 
of  standing  vortex  in  the  field  of  perturbations. 

3.3  Standing  vortices  in  the  wake  of  a  cylin¬ 
der 

The  stationary  flow  with  two  symmetrical  vortices 
in  the  wake  of  circular  cylinder  is  observed  exper¬ 
imentally  at  small  Reynolds  numbers  (  Foppl  vor¬ 
tices  [  13,  19  ]).  The  corresponding  theoretical  so¬ 
lution  is  adduced  in  Milne-Thomson’s  monograph  [ 
13  ].  It  is  based  on  the  model  of  single  vortex  mov¬ 
ing  in  ideal  incompressible  fluid.  To  define  the  flow 
potential  and  the  velocity  of  the  vortex,  the  theo¬ 
rem  about  the  circle  was  used  there.  The  solution 
consists  the  expressions  for  coordinates  and  circu¬ 
lation  of  stationary  vortices.  The  similar  results 
for  parameters  of  standing  vortex  were  obtained 
numerically  in  the  present  study.  The  conformal 
transformation  (9)  was  employed.  Under  the  condi¬ 
tion  (3  =  7r/2  it  maps  the  area  with  half-cylinder 
lying  on  the  wall  into  the  upper  half-plane.  The 
curves  defining  the  positions  of  standing  vortices 
and  the  dependence  of  vortex  circulation  Fq  (Fig. 
4)  on  the  radius- vector  R  coincide  accurately  with 
appropriate  analytical  solutions.  The  novelty  of  the 
present  research  consists  in  determination  of  eigen¬ 
frequency  Wo  of  stationary  vortices  (Fig.  4).  Due 
to  this,  the  most  suitable  regimes  needed  to  affect 
on  the  vortices  with  the  help  of  periodic  perturba¬ 
tions  of  external  flow  may  be  found. 

3.4  Standing  vortices  above  a  wavy  surface 

Some  dynamic  properties  of  standing  vortices  lo¬ 
cated  above  a  wavy  surface  will  be  considered.  This 
problem  initiates  the  interest  in  connection  with 
practical  realization  some  effects  of  the  traveling 
wave.  Results  of  simulation  are  important  to  ob¬ 
tain  detailed  understanding  of  the  nature  of  vortex 
stability  in  wave  troughs  as  well  as  study  the  in¬ 
fluence  of  external  perturbation  introduced  by  the 
boundary  shape  on  vortices. 

The  wall  profile  is  a  relation  in  y  and  x  and  is 
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given  by  the  following  equation  : 


y  =  In 


2% 

a  cos  —x  + 

A 


^TT 

62  _  a2  gjjjZ  „ 

^  i 


(10) 


where  A  is  the  length  of  the  wave;  a,  b  are  the 
parameters  connected  with  the  wavy  amplitude  h 
by  the  following  relationships  : 

a  rr  (l-e2'‘)/2  ,  b  =  {l  +  e^’^)/2. 


The  flow  conflguration  in  physical  plane  is  the 
channel  of  the  width  L.  One  wall  of  this  channel 
is  given  by  the  equation  (10). 

The  flow  area  may  be  reflected  into  the  upper  half¬ 
plane  by  means  of  two  consecutive  transformations; 


- 


(11) 


27r  ,  , 

u?  =  —  ,  m  =  a  +  6c ,  n  =  b  +  ac 

A 


C  = 


2ab 


+ 


-2L 


2ab 


L  =  In- 


n  —  ce^ 


C  =  exp{^w)  (12) 

The  rectilinear  flow  in  physical  plane  z  with  the 
velocity  Uoo  corresponds  to  the  source  located  on 
the  centre  of  coordinates  of  the  auxiliary  plane 
Its  power  is  Q  =  Uqo  L  .  Thus  the  complex  veloc¬ 
ity  potential  characterizing  the  external  flow  above 
the  wavy  surface  is  given  by  : 

MC)=^lnC  (13) 


in  Fig.  5.  To  avoid  resonant  interaction  of  the 
disturbances  introduced  by  a  traveling  wave  with 
standing  vortex,  one  has  to  take  into  account  fre¬ 
quency  characteristics  of  the  vortex  when  selecting 
parameters  of  the  wave. 

When  the  system  of  two  vortices  moves  above  a 
wavy  surface,  the  resonance  another  type  was  dis¬ 
covered  by  us.  If  the  length  of  own  oscillating  mo¬ 
tion  of  the  vortex  pair  is  like  to  that  of  the  wave, 
the  motion  become  most  regular.  As  a  result,  the 
velocity  of  vorticity  transfer  decreases  considerably 
in  comparison  with  the  cases  when  the  pair  moves 
either  above  a  flat  wall  or  before  and  beyond  the 
resonance.  This  situation  is  reflected  in  Fig.  8. 
Here  curve  1  is  the  graph  of  the  vorticity  transfer 
velocity  above  a  wavy  surface,  dotted  line  2  corre¬ 
sponds  to  its  average  value  and  curve  3  shows  the 
average  value  of  the  velocity  when  the  pair  moves 
above  a  flat  wall.  Because  of  the  hydrodynamic 
drag  of  surface  is  proportional  to  velocity  of  vortic¬ 
ity  transfer  along  the  surface,  this  type  of  motion  is 
very  interesting.  To  form  a  travelling  wave,  active 
control  system  of  pulsed  sources  may  be  used  that 
enlarges  possibilities  of  flow  control. 

4.  RESONANT  PROPERTIES  OF 
STANDING  VORTICES  AND  THEIR  BE¬ 
HAVIOUR  IN  PRESENCE  OF  EXTER¬ 
NAL  PERTURBATIONS 

Knowledge  about  the  eigen  frequency  of  standing 
vortices  becomes  especially  important,  when  the 
external  periodic  perturbations  is  present  in  the 
flow.  These  perturbations  can  be  either  artificial, 
i.e.,  be  introduced  in  the  flow  with  the  express  pur¬ 
pose  to  control  the  necessary  parameters,  or  natu¬ 
ral.  We  shall  consider  the  influence  of  periodic  per¬ 
turbation  of  the  free  stream  velocity  Uoo  on  dy¬ 
namics  of  standing  vortex  located  in  a  cross  groove 
(cavity)  and  in  the  wake  of  circular  cylinder.  Let 
the  free  stream  velocity  is  changed  according  to  the 
following  expression  : 


All  linear  sizes  will  be  divided  by  wavy  amplitude 
h  ,  F  =  T/Uooh  (  further  the  overbar  will  be 
omitted  ). 

The  vortex  zo(a;o,  yo)  placed  above  a  flat  wall 
is  known  to  move  in  parallel  with  the  wall.  The 
direction  of  its  movement  depends  on  relationship 
between  the  freestream  velocity  Uoo  and  the  self- 
excited  velocity  F /inyo  .  If  the  vortex  moves  above 
a  wavy  surface,  its  trajectory  will  be  defined  by 
the  value  of  the  vortex  circulation  F.  Dependences 
of  circulation  Fq  and  eigenfrequency  wq  of  the 
standing  vortex  in  wave  trough  on  wave  parameters 
and  vertical  coordinate  of  the  vortex  are  adduced 


Uoo  =  17*  (1  -I-  a  sin  Dr)  ,  {7,  =  const ,  a  1 

(14) 

Here  a,  D  are  the  amplitude  and  the  frequency 
of  the  perturbation  accordingly. 

To  determine  the  trajectory  of  vortex,  the  equa¬ 
tions  (2)  characterizing  the  movement  of  vortex 
near  the  curved  boundaries  are  used.  The  numer¬ 
ical  integration  of  those  is  based  on  fourth-order 
Runge-Kutta  method.  At  an  initial  instance  t  —  0 
,  the  vortex  with  circulation  Fq  is  supposed  to 
locate  in  the  stationary  point.  It  means  that  in  un¬ 
perturbed  flow,  the  vortex  rotates  with  the  eigen¬ 
frequency  Wo  along  the  infinitely  small  trajectory. 
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The  trajectory  of  the  vortex  is  changed  consider¬ 
ably  under  the  action  of  the  external  perturbation 
containing  the  small  periodic  component.  Its  char¬ 
acter  depends  on  the  frequency  of  external  pertur¬ 
bation  fi.  If  the  value  of  external  frequency  is  fax 
from  that  of  the  eigenfrequency  wq  or  her  subhar¬ 
monics  wo/2,  2wo  ,  the  vortex  will  move  periodi¬ 
cally  on  a  closed  trajectory  in  the  small  neighbour¬ 
hood  of  stationary  point.  The  size  of  the  neigh¬ 
bourhood  is  proportional  to  the  amplitude  of  the 
perturbation  a. 

The  trajectory  of  vortex  will  be  highly  changed, 
if  the  external  frequency  Q  comes  nearer  to  the 
eigenfrequency  of  the  vortex  ujq  (or  her  subhar¬ 
monics).  The  motion  of  vortex  is  characterized  by 
its  deviation  from  stationary  point; 

-R(t-)  =  y [a;o(r)  -  +  |j/o(r)  -  , 

where  Xq,  are  the  coordinates  of  stationary 
point,  xo(t),  yo(T)  are  the  coordinates  of  the  vor¬ 
tex  at  considering  time  step. 

The  movement  of  vortex  is  multiperiodic  one.  The 
small  external  perturbation  being  to  generate  the 
low-frequency  oscillations  of  the  vortex  with  large 
amplitudes.  This  property  follows  from  the  nonlin¬ 
ear  nature  of  the  equations  defining  the  dynamics 
of  vortex  in  near-wall  area. 

The  resonant  curves  are  plotted  versus  the  non- 
dimensional  frequency  of  perturbation  Q/uq  in 
Fig.  5.  They  characterize  the  dependence  of  max¬ 
imum  deviation  of  the  vortex  Rmax  on  the  sta¬ 
tionary  point.  Dependence  of  the  value  of  reso¬ 
nant  peaks  on  the  amplitude  of  perturbation,  dis¬ 
placement  of  the  resonance  to  more  high  frequen¬ 
cies  il/ujo  >  1  as  well  as  availability  of  secondary 
peaks  at  Q/uo  «  0.5  and  fi/wo  ^  2  are  char¬ 
acteristic  features  of  the  curves.  When  the  cavity 
sizes  are  reduced,  the  height  of  resonant  and  sub¬ 
resonant  peaks  as  well  eis  the  width  of  resonant  zone 
increase.  Therefore,  one  may  suppose  that  the  vor¬ 
tex  becomes  less  mobile  due  to  growth  of  the  hollow 
depth.  It  means  that  its  reaction  on  the  perturba¬ 
tion  fades. 

As  results  of  calculations  show,  the  resonant  peak 
may  become  infinitely  large.  In  Fig.  6,  such  tra¬ 
jectory  of  standing  vortex  is  depicted.  In  this  case, 
the  vortex  goes  away  from  the  cavity  by  the  ex¬ 
ternal  flow.  It  means,  the  vortex  crosses  the  line 
separating  the  trajectories  of  various  types  on  the 
phase  portrait. 

The  similar  resonant  effects  will  be  observed,  if  the 
standing  vortex  is  located  in  the  wake  of  a  body 
(Fig.  7).  The  dependence  Rmaxi'^/^o)  dealing 


with  the  vortex  behind  the  cylinder  is  different  from 
that  as  the  vortex  is  located  in  a  cavity.  In  partic¬ 
ular,  the  main  resonance  peak  shifts  to  lesser  fre¬ 
quencies  and  gets  under  the  condition  Q/ljq  <  1. 
If  the  frequency  of  perturbation  increases  to 
uiQ,  the  value  Rmax  defining  the  amplitude  of 
vortex  precession  will  grow  spasmodicly.  It  means 
that  we  have  the  nonlinear  system  with  ’’rigid”  ex¬ 
citation.  In  accordance  with  presented  results,  the 
stationary  vortices  in  the  wakes  are  less  steady  to 
the  external  perturbation  than  those  in  the  inner 
flows  (for  example,  in  grooves).  In  particular,  the 
vortex  behind  the  cylinder  reacts  considerably  on 
perturbation  which  are  characterized  by  very  small 
amplitudes. 

When  the  system  of  two  vortices  moves  above  a 
wavy  surface,  the  resonance  another  type  was  dis¬ 
covered  by  us.  If  the  length  of  own  oscillating  mo¬ 
tion  of  the  vortex  pair  is  like  to  that  of  the  wave, 
the  motion  become  most  regular.  As  a  result,  the 
velocity  of  vorticity  transfer  decreases  considerably 
in  comparison  with  the  cases  when  the  pair  moves 
either  above  a  flat  wall  or  before  and  beyond  the 
resonance.  This  situation  is  reflected  in  Fig.  8. 
Here  curve  1  is  the  graph  of  the  vorticity  transfer 
velocity  above  a  wavy  surface,  dotted  line  2  corre¬ 
sponds  to  its  average  value  and  curve  3  shows  the 
average  value  of  the  velocity  when  the  pair  moves 
above  a  flat  wall.  Because  of  the  hydrodynamic 
drag  of  surface  is  proportional  to  velocity  of  vortic¬ 
ity  transfer  along  the  surface,  this  type  of  motion  is 
very  interesting.  To  form  a  travelling  wave,  active 
control  system  of  pulsed  sources  may  be  used  that 
enlarges  possibilities  of  flow  control. 

Summing  up,  the  resonant  perturbation  of  flow  in¬ 
tensifies  essentially  the  fluid  mixing  in  near-wall 
areas.  It  changes  also  the  appropriate  character¬ 
istics  of  thermal,  acoustic  and  other  hydrophisic 
fields. 

5.  GENERATION  OF  STANDING  VOR¬ 
TEX  AT  THE  BEND  OF  FLOW  AND  ITS 
INFLUENCE  ON  DECREASING  SEPA¬ 
RATED  ZONE  SIZES 

Use  of  standing  vortices  for  control  of  near-wall  flow 
parameters  near  angle  is  considered.  In  this  area, 
one  has  the  flow  with  large  positive  pressure  gradi¬ 
ents  and,  as  a  result,  global  separation  of  the  flow 
and  formation  of  vast  recirculation  zone  [  5 , 11, 17]. 
Theoretical  analysis  of  the  flow  topology  shows  that 
there  are  no  steady  stationary  points  near  angle. 
To  form  those,  we  propose  to  change  the  boundary 
shape,  disposing  the  cross  cavity  (vortex  chamber) 
at  the  bend  (Fig.  9).  Parameters  of  the  standing 
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vortex  (coordinates  and  circulation)  and  the  shape 
of  the  cavity  (angles  a,  ^  and  center  of  circle) 
are  determined  from  the  condition  of  stationarity 
(3)  and  two  Kutta  conditions  satisfied  at  the  sharp 
edges.  The  last  does  not  allow  generation  of  vor- 
ticity  at  the  edges.  As  results  of  calculations  show, 
this  problem  has  the  solution  with  broad  diapason 
of  cavity  parameters.  Dependence  of  the  angle  ^ 
characterizing  opening  the  cavity  on  angle  a  is  lin¬ 
ear.  The  circulation  To  and  eigenfrequency  uq  of 
the  standing  vortex  versus  angle  a  are  plotted  in 
Fig.  10. 

The  present  research  allows  to  evaluate  the 
strength  of  recirculation  zone  in  the  vortex  cham¬ 
ber,  which  should  prevent  the  global  separation  of 
the  flow  at  boundary  bend.  Calculations  with  using 
the  discrete  vortex  method  show  that  the  vortex 
generated  in  the  chamber  has  the  lesser  strength 
than  Fq  demands.  As  a  result,  the  separation  zone 
near  the  boundary  bend  does  not  disappear  com¬ 
pletely,  but  its  sizes  are  reduced  considerably.  Non¬ 
separation  flow  at  the  bend  can  be  provided  if  the 
vortex  having  the  necessary  circulation  and  coor¬ 
dinates  is  created  specially  in  the  chamber.  The 
passive  schemes,  when  energy  is  extracted  from  the 
external  flow  can  be  used  (for  example,  wings).  To 
reach  the  necessary  strength  of  the  vortex,  the  ac¬ 
tive  schemes  with  admission  of  energy  are  effective 
also. 

6.  STANDING  VORTEX  IN  THE  SYS¬ 
TEM  RODY-CONTROL  PLATE 

Experimental  researches  show  [  5,  14  ]  that  mount¬ 
ing  control  plate  either  before  or  beyond  a  bluff 
body  reduces  considerably  the  drag  such  system. 
Selection  of  geometrical  parameters  (the  height  of 
plate,  the  distance  between  the  plate  and  the  body) 
and  the  shape  of  plate  is  very  important  when 
working  the  systems.  The  present  model  confirms 
that  improvement  of  hydrodynamic  characteristics 
is  achieved  due  to  generation  of  standing  vortex 
between  the  control  plate  and  the  body  and  allows 
to  state  the  value  of  the  system  parameters.  The 
standing  vortex  satisfying  the  Kutta  condition  in 
both  the  plate  end  and  the  body  edge  were  found 
and  its  parameters  (coordinates,  circulation,  eigen- 
frequencies)  were  obtained.  Existence  such  vor¬ 
tices  results  in  reducing  the  vortex  shedding  inten¬ 
sity  near  body  edges.  The  total  drag  of  the  body 
plus  plate  is  decreased  relative  to  the  configura¬ 
tion  without  plate  [5,  14].  Flow  patterns  with  the 
standing  vortex  between  two  plates  and  in  the  sys¬ 
tem  control  plate-body  are  plotted  in  Figs.  11,12. 
Analysis  of  eigenfrequencies  and  resonant  proper¬ 


ties  of  the  standing  vortices  explaines  the  high  sen- 
sivity  of  this  system  to  turbulent  pulsations  of  ex¬ 
ternal  flow  and  shows  the  ways  how  to  improve  the 
vitality  of  the  vortices. 

7.  ACTIVE  CONTROL  OF  VORTEX 
STRUCTURES  IN  NEAR- WALL  FLOWS 

Control  of  near-wall  flow  with  admission  of  energy 
(for  example,  blowing  and  suction  of  fluid)  allows 
to  change  topology  of  flow.  In  the  work  [  6  ]  it 
has  been  showed  that  there  is  the  steady  standing 
vortex  providing  the  Kutta  condition  at  the  edge 
of  flat  plate,  if  the  special  source  is  mounted  in  the 
flow.  We  obtained  analogous  results  for  standing 
vortex  near  the  angle  (bend  of  the  flow  boundary). 
It  must  be  noted  such  schemes  demand  large  energy 
costs  for  suction  or  blowing  of  fluid. 

The  lesser  energy  expeditures  are  needed  in  active 
control  schemes,  when  the  stationary  vortex  exists 
in  the  flow  but  it  is  unstable,  for  example  saddle  or 
unstable  foci.  Such  flow  cannot  be  realized  owing  to 
its  instability.  This  situation  is  changed  with  using 
active  control  scheme  with  feedback.  We  shall  con¬ 
sider  the  work  such  system,  when  unstable  vortex 
is  located  above  a  flat  surface.  The  system  consists 
of  two  pulsed  sources  and  sensing  element  ensur¬ 
ing  shadowing  the  vortex.  The  power  of  source  is 
changed  in  proportion  to  deviation  of  the  vortex 
from  its  stationary  position.  The  type  of  the  sta¬ 
tionary  point  is  changed,  it  becomes  the  steady  foci. 
It  is  important  that  the  vortex  has  the  character¬ 
istic  eigenfrequency.  As  a  result,  the  efficiency  of 
this  control  system  depends  on  frequency  charac¬ 
teristics  of  perturbations  in  near-wall  flow.  Calcu¬ 
lations  show  that  accidental  deviation  of  the  vor¬ 
tex  from  its  stationary  point  is  suppressed  quickly 
at  high  frequency  of  external  perturbations,  on  the 
contrary,  at  low  frequency  of  perturbations  the  vor¬ 
tex  deviation  can  be  increased. 

8.  CONCLUSIONS 

Control  of  near-wall  flow  vortical  structure  will  be 
effective,  if  it  takes  into  account  topology  proper¬ 
ties  of  the  flow;  type  of  critical  points,  existence 
of  steady  standing  vortices,  correlation  between 
the  eigenfrequency  of  the  vortex  system  and  spec¬ 
tral  properties  of  external  perturbations.  Pertur¬ 
bations  with  frequencies  which  are  similar  to  eigen¬ 
frequency  of  the  vortex  system  lead  to  considerable 
change  of  the  flow  pattern.  Obtained  results  show 
ways  for  improvement  of  hydrodynamic  character¬ 
istic  of  devices  through  organization  in  near-wall 
flow  large  vortical  structures  with  special  proper¬ 
ties. 
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Fig.  1.  Generation  of  the  vortical  structures  in  the  flow  behind 
cavity  (a-e)  and  vorticity  center  precession  in  the  cavity  (f) 
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Fig.  2.  Circulation  Fq  and  eigenfrequency 
of  the  standing  vortex  in  a  cavity 
versus  angle  P  characrerizing  the  cavity  depth 


Fig.  4.  Dependence  of  circulation  F^  (curve  1) 
and  eigenfrequency  cOf,  (curve  2)  of  standing 
vortex  in  the  wake  of  cylinder  against  its  locus 


Fig.  5.  Resonant  curves  characterising  the 
dependence  of  vortex  maximum  deviation 
from  the  stationary  point  in  a  cavity 
l-a=  0.025,  2-a  =  0.05,  3-a=  0.075 


Fig.  3.  Phase  portrait  of  vortex 
trajectories  in  a  cavity 


Fig  .  5.  Standing  vortex  above  a  wavy  wall; 
dependence  of  circulation  F^  (curve  1)  and 
eigenfrequency  tOg  (curve  2)  of  vortex  on 

its  vertical  coordinate  (2  =  4,  h  =  \) 


Fig.  6.  Trajectory  of  the  standing  vortex 
behind  a  cavity  at  flow  resonant 
perturbations 
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Fig.  7.  Resonant  curves  characterizing  the 
dependence  of  vortex  maximum  deviation 
from  the  stationary  point  behind  cylinder 


boundary  with  vortex  chamber 


Fig.  1 1 .  Flow  pattern  with  the  standing 
vortex  in  the  system  control  plate- 
bluff  body 


Fig .  8.  Velocity  of  vortex  pair  vorticity 
center  above  a  wavy  wall  in  resonant  regime 


Fig.  10.  Circulation  Fq  and  eigenfrequency 
(Dq  of  the  standing  vortex  in  a  vortex 
chamber  versus  angle  a  characterizing 
the  chamber  shape 


Fig.  12.  Flow  pattern  with  the  standing 
vortex  in  the  system  two  plates 
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A  Simple  Model  for  the  Aero-Hydrodynamics  of  Ekranoplans 
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INSEAN,  Italian  Ship  Model  Basin 
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SUMMARY 

The  problem  of  a  wing-shaped  body  moving  close  to  the  air- 
water  interface  is  addressed  in  term  of  an  inviscid-rotational 
model  in  which  the  aerodynamic  problem  is  coupled  to  the 
water  flow  by  means  of  suitable  interface  conditions.  A  nu¬ 
merical  procedure  to  solve  the  nonlinear  unsteady  problem 
is  described.  Numerical  examples  are  given  for  some  lin¬ 
earized  cases.  In  particular  the  steady  flow  generated  by  a 
flat  plate  at  incidence  in  forward  motion  over  calm  water  is 
studied  at  first.  The  linearized  wave-wing  interaction  is  then 
analized  in  the  frequency  domain. 

List  of  symbols 

A  amplitude  of  incident  wave 

AR  aspect  ratio 

ahj  added  mass  coefficients 

bkj  damping  coefficients 

c  characteristich  chord  length 

Cd,  Cl,  drag  and  lift  coefficients 
g  gravity  acceleration 

G  free  space  Green  function 

h  clearence 

Uoo  stream  velocity 

w  interface  velocity 

X  vector  position  in  the  moving  frame 

Xk  exciting  force 

a  angle  of  attack 

7  vorticity  strength 

/i  dipole  strength 

Pi  air  (1=1)  and  water  (1=2)  density 

<T  source  strength 

ipi  air  (1=1)  and  water  (1=2)  perturbation  potential 

ipi^j  air  (1=1)  and  water  (1=2)  radiation  potentials 

ipifi  air  (1=1)  and  water  (1=2)  incident  potential 

ipi^i  air  (1=1)  and  water  (1=2)  scattering  potential 

WQ  frequency  of  incident  wave 

w,  k  frequency  of  encounter  and  wave  number  vector 

ill  (1=1)  ™d  water  (1=2)  domain 

dils  wing 

dil^  mean  wing  position 

dilxjr  interface 

dflw  wake 

1.  Introduction 

In  order  to  make  medium  range  sea-transportation  compet¬ 
itive  with  respect  to  other  means,  a  continously  increasing 
effort  is  devoted  to  the  development  of  high  speed  marine 
vehicles. 

Among  these,  the  russian  ‘ekranoplan’  concept,  a  vehicle  de¬ 
signed  to  operate  in  close  proximity  of  underlying  surface, 
has  been  recently  recovered  and  proposed  as  ‘Wing  in  Sur¬ 
face  Effect  Ships’  (WISES)  (see  [1]  for  a  discussion  of  the 
basic  concepts  and  a  hystoric  perspective). 

As  the  air-water  density  ratio  is  very  small,  the  usual  as¬ 
sumption  in  describing  WISES-fluid  dynamics  is  to  neglect 
completely  the  free  surface  deformation  and  to  consider  the 
behaviour  of  the  vehicle  in  ground  effect.  A  deep  analysis  of 
these  flow  conditions  can  be  found  in  [2]  and  in  the  literature 
cited  therein.  In  particular,  it  is  evidenced  the  strong  three¬ 


dimensional  character  of  the  aerodynamic  field  and  the  dra¬ 
matic  role  of  endplates  in  determining  the  efficiency  of  the 
entire  lifting  system.  More  specifically,  the  lift-to-induced 
drag  ratio  increases  as  the  clearance  h  decreases  and  it  has 
been  consistently  pointed  out  in  [3]  that  the  new  WISES  gen¬ 
eration  will  be  characterized  by  an  extremely  reduced  clear¬ 
ance  with  respect  to  the  chord  c  of  the  main  lifting  device 
and  a  range  h/c  ~  0.05  —  0.1  has  been  suggested.  In  these 
flow-conditions  the  aerodynamic  field  and  the  wavy  motion 
of  the  free  surface  are  more  strongly  coupled  and  possible 
interactions  with  incoming  waves  could  significantly  alter 
the  dynamic  behaviour  of  the  vehicle.  In  this  case  the  rel¬ 
evant  mathematical  approaches  are  closely  related  to  those 
considered  for  studying  the  wave  propagation  along  sharp 
density  interface.  In  the  case  of  ship  hydrodynamics  a  thor¬ 
ough  analysis  of  ship  generated  internal  waves  can  be  found 
in  [4], [5]  and,  even  more  related  to  the  problem  at  hand,  in 
[6]  where  the  two-dimensional  steady  flow  generated  by  a 
flat  plate  beneath  an  interface  is  discussed. 

In  this  paper,  we  discuss  a  model  to  study  the  three- 
dimensional  air-water  flowfields  generated  by  a  lifting  body 
when  running  in  close  proximity  of  the  interface.  Some 
physical  assumptions  are  introduced.  In  particular,  by  as¬ 
suming  to  deal  with  wing-shaped  body  and  high  Reynolds 
number  attached  flows,  an  inviscid-rotational  model  can  be 
adopted  to  described  the  ‘aerodynamic’  part  of  the  problem. 
Namely  the  viscous  diffusion  is  neglected,  the  vortical  re¬ 
gions  are  modelled  by  means  of  zero  thickness  vortex  layers 
shed  from  the  tips  and  the  trailing  edge  of  the  wing,  and  a  ve¬ 
locity  potential  exists  almost  everywhere.  Also  the  effect  of 
air-compressibility  is  neglected.  The  non-uniform  pressure 
field  created  by  the  wing  generates,  or  alters,  the  underly¬ 
ing  wave  field  and,  indeed,  the  motion  of  the  air  is  coupled 
to  that  of  the  water.  In  describing  the  interface  motion,  vis¬ 
cous  effects  (i.e.  the  boundary  layer  on  the  two  sides  of  the 
interface)  are  neglected  and  a  velocity  potential  in  the  water- 
domain  can  be  also  introduced.  Boundary  conditions  at  the 
interface  are  deduced,  which  link  the  potentials  existing  in 
the  two  fluid  domains. 

On  this  physical  ground,  in  §2.  a  mathematical  model  is  in¬ 
troduced  for  dealing  with  the  general  unsteady  case.  The 
resulting  problem  is  clearly  highly  nonlinear  because  of  the 
free  and  moving  boundaries  (the  interface,  the  wake  and  the 
wing  surface).  An  iterative  procedure  to  solve  numerically 
the  two  coupled  aerodynamic  and  hydrodynamic  flowfields 
is  described. 

In  order  to  gain  confidence  with  physical  and  numerical  as¬ 
pects  of  the  problem  at  hand,  we  limit  ourself  to  solve  some 
linearized  cases  (cfr.  §3.).  Namely  the  steady  flow  gener¬ 
ated  by  a  wing  running  above  an  initially  calm  interface  is 
firstly  considered.  And,  secondly,  the  interaction  of  the  lift¬ 
ing  device  with  an  incoming  wave  systems  is  analyzed  in  the 
frequency  domain,  i.e.  by  assuming  the  time-dependance  of 
the  solution  to  be  harmonic.  For  these  problems,  the  solution 
can  be  easily  identified  as  the  problem  of  a  wing  on  a  porous 
soil  coupled  to  the  special  free  surface  flows  for  which  the 
Fourier-integral  representation  of  the  solution  exists.  As  a 
result  the  numerical  solution  is  greatly  simplified.  Although 
we  developed  the  present  theory  indipendently,  the  use  of 
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the  Fourier  representation  of  the  steady  solution  for  solving 
the  complete  (linearized)  problem  is  apparently  anticipated 
in  [2]. 

Some  consideration  about  the  properties  of  the  solution  (see 
also  the  two-dimensional  theory  in  [7])  can  be  inferred  start¬ 
ing  from  the  properties  of  the  two  separate  problems.  This 
issue  and  the  numerical  aspects  concerning  the  solution  of 
the  unsteady  nonlinear  problem  are  under  development  and 
will  be  reported  elsewhere. 

2.  Problem  definition 

In  the  following,  we  define  the  initial  value  problem  describ¬ 
ing  the  flow  about  a  wing-shaped  body  dQs  moving  close 
to  an  interface  dfljjr  which  separates  two  inviscid  incom¬ 
pressible  fluids  with  densities  pi  (upper  fluid)  and  P2  >  pi- 
A  frame  of  referenee  fixed  with  respect  to  an  observer  mov¬ 
ing  with  the  mean  velocity  —Uoo  of  the  wing  is  adopted.  We 
introduce  the  potentials  tpi,  ip2  harmonic  in  the  correspond¬ 
ing  domains, 


VVi  =  0  VP  e  fli  ,  (1) 

such  that  Ui  =  Uoo  -f  VyJi  are  the  fluid  velocities  in  the 
upper,  i  —  1,  and  lower,  i  =  2,  domains,  respectively. 


Interface  boundary  conditions  The  interface  is  defined 
by  the  kinematic  property  that  the  fluids  do  not  cross  it. 
Hence  the  displacement  velocity  Wn  of  the  interface  points 
P  e  equals  the  normal  velocity  of  the  fluid  on  the  two 

adiacent  sides,  namely  w  ■  n  —  ui  ■  n  =  U2  ■  n.  Moreover, 
when  viscous  and  surface  tension  effects  are  neglected,  the 
local  momentum  balance  requires  the  continuity  of  the  pres¬ 
sure  p  across  the  interface.  From  the  above  kinematic  and 
dynamic  conditions,  it  is  possible  to  deduce  different  sets  of 
(equivalent)  evolution  equations  for  In  particular,  by 

choosing  the  velocity  of  the  points  P  6  as 

w  =  |(wi  -I-  U2)  =  i(VvPi  +  Vip2)  -I-  Uoo  ,  (2) 

the  geometric  evolution  of  the  interface  is  obtained  by  fol¬ 
lowing  the  motion  of  its  geometric  points.  Moreover,  once 
the  pressure  on  the  two  sides  of  d^lxjr  is  expressed  by  means 
of  the  Bernoulli  equation,  from  the  dynamic  condition  it  is 
possible  to  relate  the  evolution  of  the  two  potentials  ipi  at 
the  interface.  Eventually,  the  kinematics  and  the  dynamics 
of  the  interface  can  be  described  by  means  of 


DxjrP  ^  1 
Dt  2 

DiTV>2 


(ui  -1-  U2) 


Dt 


p^  /  Di^^Pi 
P2 

Vtpi  ■  Vy2 


=  -3V+^{^^  +  9ri} 


+  ^  {(/’I  -  P2) 
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+  Uoo  ■  [piV¥>l  -P2V¥’2]} 
where  the  total  derivative 


Dxj^  d  ^ 

— ;=  - - h  to  ■  V 

Dt  dt 


(3) 


(4) 


Body  and  wake  boundary  conditions  On  the  wing 
boundary  ODb  the  standard  impermeability  constraint  ap¬ 
plies 

^  =  -Uoo  n  VP  6  aOs  .  (5) 

on 

Moreover,  as  for  the  case  of  the  interface  model,  it  is  expedi¬ 
ent  to  describe  the  evolution  of  the  wake  in  terms  of  particle 
evolution  equations.  This  can  be  accomplished  by  exploit¬ 
ing  the  mass  and  momentum  conservation  which  require  the 
continuity  both  of  the  normal  velocity  component  and  of  the 
pressure  across  aflw,  [8].  In  particular,  once  the  velocity  v 
of  the  wake  points  is  defined  as  the  mean  value  ^  (it  j"  -I-  ) 

of  the  fluid  velocity  on  the  two  sides  ‘-I-’  and  ’  of  Sflyv, 
the  kinematic  and  dynamic  evolution  of  the  wake  is  ruled  by 
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DwP 

Dt 


+  ) 


■Pyy  _  rv 

Dt 


(6) 


where  ■^  +  v  'V  and  the  constancy  of  the  potential 

jump  Atpi  :=  follows  from  the  Bernoulli  equation 

when  written  on  the  two  sides  of  the  wake. 


An  iterative  method  of  solution  The  flow  about  a  wing 
close  to  an  interface  can  be  described  as  two  problems  for  the 
Laplace  equation  coupled  via  the  interface  conditions  (3). 
The  potential  pi  in  the  fluid  surrounding  the  wing  must  also 
satisfy  the  body  boundary  condition  (5)  and  the  wake  equa¬ 
tions  (6).  A  procedure  is  now  described  to  solve  the  unsteady 
nonlinear  problem.  Suppose  that  for  t  =  <o  the  interface  and 
wake  geometries  are  toown,  as  well  as  the  distribution  of 
A^i  on  dilyv-  Then 

1.  starting  from  the  known  boundary  data  on  the 
interface  and  on  the  body  we  can  solve  the  prob¬ 
lem 

f  V^ifi  =0  VPeQi 


dm 

dn 


91 


dm 

V  dn 
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VP  6  dQ.B 
VP  e  dDxjr 


where  the  Neuman  boundary  condition  at  the  inter¬ 
face  follows  from  the  kinematic  condition  ui  ■  n  = 
U2  ■  n  discussed  above. 


2.  Once  the  field  pi  is  known  at  the  interface,  the  right 
hand  side  of  the  dynamic  equations  in  (3)  can  be  eval¬ 
uated  and  stepwise  integrated  to  obtain  a  new  guess 
for  the  boundary  data  ip2  on  dflxj^- 

3.  The  problem 

{v2^2  =  0  VP  €  n2 

m  =  /  VP  6  dDxr 

in  the  lower  domain  is  then  solved,  and  a  new  distri¬ 
bution  of  on  can  be  evaluated. 

4.  Steps  1-3  are  repeated  until  convergence  is  reached, 
after  that 


following  the  interface  points  has  been  introduced. 


5.  The  geometry  of  the  interface  and  the  wake  are  up¬ 
dated  in  time. 
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6.  Go  to  step  1  for  a  new  time-step. 

When  dealing  with  free  boundary  flows,  it  is  expedient  to 
recast  the  problem  in  term  of  boundary  integral  equations; 
this  can  be  accomplished  both  for  free  surface  problems 
[9]  and  for  the  inviscid-rotational  aerodynamics  [10].  On 
this  ground,  the  two  boundary  value  problems  (step  1  and  3 
above)  can  be  solved  by  introducing  suitable  integral  repre¬ 
sentations  for  the  potentials  ipi.  It  is  to  be  stressed  that  the 
presence  of  moving  boundaries,  dQ.x3^  and  and 
gives  to  the  problem  a  strong  nonlinear  character  which,  in 
turn,  implies  a  huge  computational  effort  to  solve  the  rele¬ 
vant  boundary  integral  equations  at  each  time  step.  In  the 
present  paper,  we  have  decided  to  solve  some  linearized 
test  cases  to  preliminary  verify  the  effectiveness  of  the  pro¬ 
posed  iterative  procedure  and  to  gain  some  confidence  with 
the  physical  problem.  Therefore,  in  the  following  sections 
the  nonlinear  problem  is  simplified  by  assuming  small  wave 
heights  and  by  transfering  the  interface  boundary  conditions 
on  the  z  =  0  plane.  This  allows  for  solving  the  two  boundary 
value  problems  once  and  for  all. 


2.2  The  linearized  time-harmonic  problem 

Here  we  introduce  the  governing  equations  for  the  case  when 
the  wing  is  free  to  oscillate  under  the  exciting  action  of  an  in¬ 
cident  regular  wave  with  frequency  wo  and  amplitude  A.  The 
problem  is  linearized  under  the  hypothesis  of  small  wave 
amplitude  and  small  body  motions.  Further,  neglecting  the 
initial  transient,  a  time  harmonic  dependance  of  the  solution 
is  assumed.  Hence  the  total  potentials  in  the  two  flow  do¬ 
mains  (Z  =  1, 2)  can  be  expressed  in  the  form 

+V’i7)  + 

where  is  the  potential  of  the  incident  wave  and  is  the 
scattering  potential  generated  when  the  wing  is  restrained  to 
move.  In  the  absence  of  incident  wave,  is  the  radia¬ 
tion  potential  due  to  the  body  oscillation  in  the  j-th  degree 
of  freedom  with  amplitude  So  far,  it  is  possible  to  define 
a  radiation  problem 

r  vVii  =0  VPeni 


2.1  The  linearized  steady  problem 
The  fully  nonlinear  problem  can  be  simplified  by  following  a 
standard  procedure  and  assuming  steady  flow  conditions.  In 
this  case,  the  flow  is  described  by  the  aerodynamic  problem 
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where  j  is  equal  1...6,  and  a  diffraction  problem 
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It  is  interesting  to  note  that  the  first  boundary  value  problem 
describes  the  flow  of  a  wing  moving  close  to  a  porous  soil 
with  flux  The  motion  of  the  body  alters  the  pressure 
distribution  acting  on  the  interface  and,  in  fact,  the  hydro- 
dynamic  problem  can  be  seen  as  the  linearized  steady  wave 
resistance  problem  of  a  pressure  disturbance  advancing  with 
velocity  —If  00  on  a  free  surface.  For  this  problem,  a  Fourier- 
Stjeltes  representation  of  the  solution  is  given,  for  example, 
in  [11].  Therefore,  only  the  aerodynamic  problem  has  to 
be  solved  numerically  and  the  iterative  procedure  is  greatly 
simplified.  More  specifically,  once  a  tentative  solution  for 
is  known,  the  right  hand  side  of  the  Neumann-Kelvin 
condition  can  be  computed  and  a  new  guess  <p2  is  explicitely 
evaluated.  In  a  refined  scheme,  an  iterative  procedure  for 
taking  into  account  the  nonlinearities  due  to  the  wake  is  eas¬ 
ily  introduced  (see  for  example  [12],  [13]  for  details).  The 
convergence  of  the  whole  procedure  is  usually  obtained  in 
few  iterations  and  some  sample  results  are  given  below. 
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is  the  potential  of  the  incident  interfacial  wave  and  A/’/Cu  •= 
(i  w  -I-  Uoo  ■  V)^  -1-  9-§-£-  In  the  radiation  problem  the  gener¬ 
alized  nj  components  and  the  celebrated  mj  are  introduced 
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following  [14],  Each  one  of  the  above  problems  can  be  seen 
as  an  aerodynamic  problem  coupled  to  a  hydrodynamic  one 
in  which  the  wavy  motion  of  the  free  surface  is  forced  by 
an  oscillating  pressure  disturbance  acting  on  Also 

in  this  case,  a  Fourier  representation  of  the  solution  of  the 
hydrodynamic  problem  [11]  can  be  used  in  the  iterative  so¬ 
lution  of  the  problem,  thus  significantly  reducing  the  com¬ 
putational  effort. 


3.  Numerical  results 

3.1  Integral  representation  of  the  solution 

The  velocity  potential  in  the  upper  domain  is  represented  as 

>fii=  f  aGdS+  [  (TGdS+  I  fi^dS  (7) 
JdUB  JdUxF  JdUw 


that  is  as  a  sum  of  simple  layer  potentials  generated  by  a 
source  distribution  on  dQs  a  dipole  sheet  which 

mimics  the  rotational  wake  Sflyv.  In  solving  the  aerody¬ 
namic  problem  the  velocity  field 

^  I  crGdS  4-  V 
JdilB 

+  Vx  I  -fGdS 

J  9Qvv 

is  also  required.  In  particular,  in  (8)  the  velocity  induced  by 
the  wake  is  re-expressed  in  the  form  of  a  Biot-Savart  integral 
which  enables  the  use  of  a  simple  vortex-lattice  technique 
[10]  for  discretizing  the  wake.  A  standard  zero-order  panel 
method  [15]  has  been  employed  for  the  source  integrals. 

In  the  framework  of  the  described  iterative  solution,  for¬ 
mulas  (7,8)  are  used  to  solve  the  aerodynamic  problem  in 
term  of  boundary  integral  equations.  Namely,  a  first  inte¬ 
gral  equation  is  obtained  by  taking  the  normal  projection  of 
(8)  written  for  the  points  belonging  to  the  wing,  where  the 
normal  velocity  component  is  known  from  the  impermeabil¬ 
ity  constraint.  A  second  integral  equation  is  obtained  for 
P  e  dQ.xT,  where  is  given. 

For  the  linearized  problems  discussed  in  the  following,  the 
system  of  algebraic  equations  obtained  by  discretizing  the 
integral  equations  are  solved  once  and  for  all  at  the  begin¬ 
ning  of  the  iterative  procedure.  In  the  computations  a  typi¬ 
cal  number  of  panels  per  wavelength  is  80,  the  wing  is  usu¬ 
ally  discretized  by  a  network  of  12x6  panels  and  simme- 
try  with  respect  to  the  stream  direction  is  enforced.  Usu¬ 
ally  the  discretized  free  surface  in  the  streamwise  direction 
is  of  the  order  of  the  wavelength,  while  the  lateral  extension 
is  of  several  chord-lengths.  Typical  computational  domains 
can  be  qualitatively  appreciated  in  the  wave-pattern  contours 
shown  below. 
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aGdS 


(8) 


3.2  The  linearized  steady  problem 
In  the  following  we  discuss  some  results  concerning  the  flow 
generated  by  a  flat  plate  at  incidence  a  flying  at  an  altitude 
h  above  the  undisturbed  mean  water  level  z  =  0.  In  all 
the  cases  presented  below  a  unity  span-to-chord  ratio  of  the 
wing  is  considered.  The  vortex  shedding  is  modeled  both 
from  the  trailing  edge  and  from  the  tips.  No  attempt  to  model 
more  effective  lifting  devices  (tapered  swept  back  wing,  end- 
plates  or  canard  configurations)  is  discussed,  and  this  type  of 
analysis  is  left  to  a  future  activity. 

As  a  first  problem  we  consider  the  case  of  forward  motion 
with  constant  velocity  over  initially  calm  water. 


The  wave  patter  generated  for  Fr  —  t/oo/v^  =  5.  can 
be  seen  in  figure  2,  where  the  wing  planform  is  also  indi¬ 
cated  by  the  thin  square  for  a  better  understanding.  As  it  can 
be  expected,  the  wave  system  is  highly  swept  back;  along 
the  x-axis,  just  past  the  wing,  a  narrow  depression  can  be 
detected  which  is  accompained,  on  the  two  sides,  by  two 
larger  humps.  Starting  from  the  central  depression,  the  water 
level  rises  gently  forming  a  V-shaped  pattern  which  is  down¬ 
stream  followed  by  a  positive  wave  elevation.  Although  a 
relatively  small  portion  of  the  entire  fiowfield  is  contained  in 
the  computational  domain,  some  convergence  tests  (not  re¬ 
ported)  obtained  by  increasing  the  domain  length  ensure  that 
both  the  wave  pattern  and  the  forces  acting  on  the  plate  are 
well  converged. 

The  latter  are  discussud  by  considering  the  figures  3-4.  The 
first  one  shows  the  effect  of  varying  the  clearance  h/c  on  the 
lift  Cl  and  on  the  drag  Cd  coefficients  for  different  angles 
of  attack  a  of  the  flat  plate.  In  particular,  as  hjc  decreases 
the  lift  increases  as  well  as  the  drag  coefficient  does.  Ac¬ 
tually  the  efficiency  of  the  wing  (lift  to  drag  ratio)  does  not 
increases  significantly:  this  is  consistent  with  the  analysis  in 
[2],  where  it  is  shown  that  only  the  inclusion  of  endplates 
significantly  enhances  the  performances. 

Morever,  at  least  within  the  context  of  the  present  linearized 
analysis,  the  free  surface  effects  appears  to  be  negligeable. 
The  figure  4,  in  fact,  shows  that  the  aerodynamic  forces  act¬ 
ing  on  the  plate  in  ground  effect  (dashed  lines)  are  undistin- 
guisheable  from  the  ones  obtained  by  including  the  effect  of 
the  free  surface  (symbols). 


3.3  The  linearized  time-harmonic  problem 

For  obvious  safety  reasons,  the  seakeeping  performances  of 
a  marine  vehicles  is  of  main  concern.  Although  we  cannot 
discuss  the  dynamic  behaviour  of  a  WISES  (a  more  realis¬ 
tic  arragement  of  lifting  surfaces  should  be  considered),  it 
seems  of  some  interest  to  analyze  the  influence  of  incoming 
waves  on  the  aerodynamic  loading,  which  in  turn  is  relevant 
for  the  design  of  control  system.  According  to  what  dis¬ 
cussed  in  §2.2,  the  problem  is  linearized  by  assuming  small 
motions  and  it  is  assumed  that  the  phenomenon  has  reached 
a  steady  harmonic  regime.  In  this  case  the  forced  motion  of 
a  wing  running  over  a  calm  water  can  be  studied  separately 
from  problem  of  the  interaction  of  incoming  waves  with  a 
wing  in  steady  forward  motion. 

We  consider  the  case  of  a  flat  plate  running  at  a  mean  alti¬ 
tude  h/c  =  0.15,  with  nondimensional  velocity  Fr  =  5.0. 
For  simplicity,  a  zero  mean  angle  of  attack  is  assumed  and 
only  the  motion  in  head  sea  is  considered. 

Figure  5  shows  the  wave  patterns.  More  precisely  in  the  up¬ 
per  and  center  plots  the  wave  systems  as  generated  during 
heave  and  pitch  oscillations  is  reported,  while  in  the  third 
plot  the  scattering  wave  system,  that  is  the  contribution  to 
the  wave  heigth  related  to  ,  is  shown. 

The  corresponding  aerodynamic  loads  are  described  in  the 
following  figures.  In  particular,  as  it  is  customary  in  naval 
hydrodyamics,  the  load  due  to  the  forced  motions  of  the 
wing  is  expressed  in  term  of  its  real  and  imaginary  parts 
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the  damping  coefficients.  For  the  considered  Froude  num¬ 
ber,  the  behaviour  of  the  force  coefficients  when  varying  the 
frequency  of  oscillation  is  shown  in  figure  6. 

Finally,  the  amplitude  and  the  phase  of  the  exciting  force 

=  -PlA  /  +  Uoo  ■  V]{(^o  +  'P^) 

JdU-^ 

induced  in  the  two  considered  degrees  of  freedom  (fc  =  3, 5) 
are  plotted  in  figure  7. 

4.  Conclusions 

In  this  paper  a  mathematical  model  to  describe  the  unsteady 
flow  about  a  wing  moving  in  proximity  of  the  air-water  in¬ 
terface  is  presented.  When  viscous  effects  in  water  and  air 
are  neglected,  as  well  as  the  air  compressibility,  velocity  po¬ 
tentials  in  the  two  fluid  can  be  introduced.  In  the  general 
case,  the  flow  is  described  in  term  of  two  initial  boundary 
value  problems  for  the  Laplace  equation  coupled  through  the 
conditions  at  the  interface.  An  interative  provedure  to  solve 
the  resulting  nonlinear  problem  is  proposed. 

Preliminary  numerical  results  are  given  for  some  simplyfied 
special  cases.  The  steady  flow  generated  by  a  flat  plate  run¬ 
ning  over  initially  calm  water  is  studied  at  first.  Results  for 
moderately  high  Froude  numbers  show  the  limited  role  of 
free  surface  in  affecting  the  aerodynamic  forces  which,  ulti¬ 
mately,  coincide  with  those  predicted  by  considering  a  pure 
ground  effect.  The  results  qualitatively  agree  with  previ¬ 
ously  developed  Malysis. 

The  interaction  of  the  wing  with  a  system  of  regular  waves 
is  then  addressed  by  assuming  a  time  harmonic  behaviour 
of  the  solution  for  the  linearized  problem.  Wave  patterns 
and  force  coefficients  are  presented  but,  to  our  knowledge, 
reference  results  are  not  available.  On  this  very  preliminary 
ground,  a  marginal  role  of  wave  effects  seems  to  emerge  also 
in  this  case. 

An  obvious  explanation  is  in  the  small  radiation  properties 
of  a  wing  at  high  speed.  It  is  also  to  be  stressed  that  only 
linearized  problems  have  been  presently  solved  and  signif¬ 
icant  nonlinear  corrections  could  appear  when  considering 
the  fully  nonlinear  problem.  In  particular,  during  transient 
regimes,  very  small  clearances  and  relatively  reduced  speeds 
could  be  possible  and  a  fiilly  nonlinear  analysis,  presently 
under  development,  is  of  concern. 
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Figure  1:  Sketch  of  the  problem  and  of  the  relevant  nomenclature 


Figure  2:  Wave  pattern  generated  by  a  flat  plate  in  steady  forward  motion.  AR  =  1.0,  Fr  =  5.0,  h/c  =  0.15  and 
a  =  5  degrees 


Figure3:  Lift  and  drag  coefficients  for  a  flat  plate  (AR=1)  in  steady  forward  motion  (Fr  =  0.5):  effect  of  the  incidence 
a  and  of  the  distance  hfc  from  the  water  surface. 
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Figure  5:  Wave  pattern  generated  by  a  flat  plate,  AR  —  1,  in  heave  motion  (top  figure)  in  pitch  motion  (center  plot) 
and  scattering  wave  pattern  (bottom  figure)  in  head  waves,  \fgjc  =  0.547  (Fr  =  5.0,  /i/c  =  0.15). 
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ABOUT  MOVEMENT  OF  A  WING  ABOVE 
WAVY  SURFACE  OF  WATER 

V.G.  Belynsky 

Institute  of  a  Hydromechanics 
8/4  Zheliabov  Street,  Kiev,  252057  Ukraine 

SUMMARY 


In  work  the  outcomes  of  an  experimental 
research  hydrodynamical  characteristics  of 
a  wing  driven  above  wavy  screen  are 
represented  the  description  of  experimental 
installation  and  techniques  of  realization  of 
experiment  is  given.  The  instantaneous 
significances  of  a  lift  coefficient  for  wings  of 
the  rectangular  form  in  the  plan,  various 
elongations  driven  with  various  angles  of 
attack  on  various  distances  from  a  flat 
screen  and  a  screen,  consisting  of  waves  of 
sinusoidal  structure  of  various  length  and 
height,  are  determined.  The  dependence  of 
a  lift  coefficient  of  a  wing  form  Strouhal 
number  for  movement  above  a  wave  screen 
is  established.  Is  shown,  that  there  is 
additional,  not  known  earlier,  a  gain  of  lift  of 
a  wing  stipulated  by  the  wavy  form  of  a 
surface  of  water.  The  efficiency  of  a  flap 
near  to  a  screen  is  appreciated. 

LIST  of  SYMBOLS 

Cy  -  lift  coefficient  of  wing 

Cy  p  -  lift  coefficient  of  wing  with  flap 

K  -  coefficient  of  hydrodynamic  quality 

b  -  chord  of  wing 

i  -  span  of  wing 

X  -  elongation  of  wing 

0  -  angle  of  attack  of  wing  in  degrees 

-  angle  of  deviation  of  flap  in  degrees 
V  -  velocity  of  wing 

h  -  distance  from  trailing  edge  of  wing 

up  to  screen 

-  wavelength  of  wave  screen 
Hb  -  height  of  wave  of  wavy  screen 

O  -  circular  frequency  of  wave  of  screen 
P  *  Strouhal  number 
(p  -  phase  angle  of  wave  of  screen 
Sk  H  bk  -  coefficients  of  Fourier  series 

-  efficiency  of  flap  on  lift 


1.  INTRODUCTION 

Per  the  last  decades  the  interest  to  creation 
of  large  transport  ships  engaging  an 
intermediate  position  between  airplanes,  and 
high-speed  ships,  driven  above  surface  of 
water,  was  worldwide  exhibited.  It,  so-called, 
Ving-in-surface  effect  craft”  (ekranoplane) , 
intended  for  movement  with  a  large  velocity 
in  air  medium  in  immediate  proximity  from  a 
water  surface  and  using  positive  influence 
of  this  proximity  to  lift  of  the  bearing 
surfaces.  The  plenty  theoretical  and 
experimental  researches  devoted 
development  of  various  aspects  of  creation 
ekranoplanes  was  lately  conducted. 
Numerous  experimental  samples 
ekranoplanes  also  were  created,  which  tests 
in  full-scale  conditions  have  confirmed,  in 
general,  determined  viability  of  idea  of 
creation  of  such  means  of  transport. 

Broad  application  in  practice  all  of  them 
have  not  received  yet,  the  interest  to  their 
creation  periodically  is  exhibited  again  and 
again.  The  good  review  of  work&  on  this 
problem  is  contained  in  work&  [1,2].  In  the 
present  work  the  experimental  outcomes 
relating  the  least  investigated  part  a 
problems  -  to  definitionof  influence  of 
performances  of  disturbance  of  a  water 
surface  (of  a  wave  screen)  are  represented, 
above  which  js  gone  ekranoplane,  on 
aerodynamic  performances  it  of  bearing 
surfaces  -  wings.  One  experimental  work  on 
movement  of  a  wing  above  a  wave  screen 
[3]  is  known  only  to  us.  However,  in  this 
work  one  special  case  of  movement  of  a 
wing  above  waves  only  one  length  and 
height  is  investigated  only,  that  has  not 
allowed  to  receive  informations  about 
influence  of  rather  broad  spectrum  of 
performances  of  a  wave  screen  on 
hydrodynamic  characteristics  of  a  wing, 
driven  above  a  him.  In  the  given  work  this 
defect  in  some  measure  is  filled. 


Paper  presented  at  an  AGARD  FDP  Workshop  on  "High  Speed  Body  Motion  in  Water", 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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2.  TECHNIQUE  of  EXPEREMENT 

Experimentally  aerodynamic  characteristics 
of  a  wing  near  to  a  screen  are  usually 
investigated  in  aerodynamic  tunnels  in 
conditions  of  conversion  movement,  when  a 
fixed  wing  meet  a  stream  of  air.  Such 
condition  of  experiment  stipulate  the  certain 
violation  of  boundary  conditions  in  relation 
to  horizontal  velocities  on  a  screen,  that 
results  in  appropriate  errors. 

The  violation  of  boundary  conditions  has  an 
effect  for  a  surface  of  a  screen  especially 
for  want  of  movement  of  a  wing  on  small 
distance  from  a  flat  screen  and  for  want  of 
movement  above  a  wave  screen,  that 
represents  the  special  interest  in  the  present 
work.  The  given  research  was  conducted  in 
conditions  of  direct  movement,  when  the 
wing  moved  above  a  fixed  screen  in  a  fixed 
medium,  that  has  allowed  to  execute 
boundary  conditions  on  a  screen  and  has 
supplied  a  rather  low  degree  of  a  turbulence 
filling  on  a  wing  of  a  stream.  Besides  the 
movement  of  a  wing  in  an  air  medium  was 
replaced  by  movement  of  a  wing  in  a  water 
medium,  and  liquid  flat  or  wave  screen, 
above  which  is  gone  full-scale  ekranoplane 
is  replaced  in  experiment  by  a  rigid  flat  and 
wave  screen.  By  other  words,  was  applied 
hydrodynamic  method  of  a  research  of 
problems  of  aerodynamics  [4].  A 
replacement  of  an  air  medium  in  experiment 
by  a  water  medium  is  possible,  as  in 
conditions  of  the  given  research  the  effects' 
of  a  compressibility  can  be  neglected. 

Such  replacement  is  expedient,  as  allows  in 
experiments  to  receive  rather  large  forces 
which  are  being  a  subject  to  a 
measurement,  that  increases  an  exactitude 
of  measurements,  and  to  reach  rather  large 
Reynold's  numbers(  order  2  10®)  for  want 
of  rather  small  velocities  of  towage  of  wings 
(order  5^6  M/cex).  The  replacement  of  a 
liquid  screen  rigid  is  in  this  case  possible,  as 
tests  of  wings  be  ordered  for  want  of  large 
Froude  numbers  (order  4,0),  which  for  want 
of  perturbations  called  by  movement  of  a 
wing,  the  surfaces  of  a  screen  on 
considerable  a  distance  behind  a  wing  reach 
and  outcomes  of  experiment  do  not 
influence. 


3.  EXPERIMENTAL  INSTALLATION 


Fig.  1 

The  experimental  installation  (Fig.  1)  consist 
from  hydrodynamic  channel  suffices  large 
length  (140,0  m),  which  at  the  bottom  was 
builded  a  underwater  rigid  screen  consisting 
of  two  plots  flat  and  five  plots  of  the  wavy 
form.  The  wavy  plots  consist  of  separate 
groups  of  sinusoidal  waves  of  various  length 
and  height.  The  wave  plots  were  located  so, 
that  the  crests  of  all  waves  were  oriented 
perpendicularly  axeses  of  the  channel  and 
were  at  one  horizontal  level.  Before  wavy 
screen  at  a  level  of  centerline  of  the  first 
group  of  waves  located  the  first  flat  screen, 
and  in  an  extremity  of  a  wave  screen  at  a 
level  of  crests  of  waves  the  second  flat 
screen  was  located.  Above  the  channel 
moved  the  towing  carriage  supplied  with  a 
vertical  hydrodynamic  knife  of  variable 
height,  with  the  tested  wing  fastened  to  his 
extremity.  A  screen  and  wing  placed  in  the 
channel  on  sufficient  depth  so,  that  the 
influence  of  a  free  surface  of  water  was 
excluded.  All  tested  wings  were  of  the 
rectangular  form  in  the  plan  and  had  an 
identical  structure  with  a  relative  thickness  6 

%  and  chord  b  =  250  mm.  The  wings  of 
various  elongations  were  tested  A,  =  £  /  b 

from  X  =  0,5  up  to  =  5,0,  where  i 
span  of  wing.  Length  of  flat  plots  of  a 
screen  made  24  b,  and  length  of  waves  of 
a  wave  screen  was  changed  in  limits 
from  X-b  =20  b  up  to  X.b  =  b  .  Height  of 
waves  of  a  screen  on  different  wave 
plots  was  equal  from  Hb  =  X.b  /20 
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for  rather  long  waves  up  to  Hb  =  A,b  for 
rather  short  waves.  The  position  of  a  wing 
concerning  a  screen  was  characterized 

relative  distance  h'  =  h  /b,  where  h  - 
distance  from  a  back  edge  of  a  wing  up  to  a 
screen.  Thus,  the  constructed  screen, 
which  genera!  length  70  m,  represented  a 
peculiar  polygon,  on  which,  driven  above  a 
him  from  a  constant  velocity  and  at  given 
height,  the  wing  runing  by  the  towing 
carriage  passed  sequentially  above  two  flat 
plots  located  at  different  height,  and  above 
a  number  of  groups  of  waves,  each  of  which 
had  distinct  from  other  characteristics. 
Besides  for  each  want  of  the  towing  carriage 
on  plots  of  the  channel  before  a  screen  and 
after  it  the  wing  moved  actually  in  conditions 
of  a  boundless  liquid,  that  allowed 
effectively  to  inspect  outcomes  of 
experiment.  For  want  of  passing  of  a  wing 
above  a  wave  screen  the  range  of  Strouhal 
numbers  was  enveloped 


p*_ 


(0  '  b 

V 


2  7t '  b 

A,b 


0,314-6,28 


Where  co  -  circular  frequency  of  waves  of  a 
screen,  v  -  a  velocity  of  a  wing.  For  want  of 
tests  the  instantaneous  significances  of  a 
body  force  of  a  wing,  resistance  and 
longitudinal  moment  of  a  wing  concerning  it 
of  a  leading  edge  were  measured.  The 
results  were  represented  as  appropriate 
dimensionless  coefficients  Cy,  C  x.  Cmz  in 
the  standard  form. 


4.  TEST  of  WINGS  ABOVE  FLAT 
SCREEN 


In  the  given  work  are  represented  in  main 
results  for  a  wing  above  a  wave  screen. 
However,  first  two  Figures  concern  to 
movement  of  a  wing  above  a  flat  screen. 
First  from  them  (Fig.  2)  gives  general 
submission  about  obta[ned_results  as  the 

settlement  diagram  "  K  -  Cy  "  for  a  wing 

with  lengthening(elongation)  A,  =  3,  driven 
above  a  flat  screen.  The  diagram  is 
constructed  in  coordinates 


Kb 


Where  Cy  n  and  Cy  oo  r  accordingly  lift 
coefficients  near  to  a  screen  on  distance  h 

and  in  a  boundless  liquid;  K  oo  and  Ki  - 
accordingly  factors  of  hydrodynamic  quality 
in  a  boundless  liquid  and  near  to  a  screen 
on  distance  h.  On  the  diagram  a  series  of  a 
curve  constant  of  significances  relative 
distance  from  a  screen  h  =  const  (solid 
lines)  and  series  of  a  curve  constant  of 
significances  of  angles  of  attack  of  a  wing 

0  =  const  (dashed  lines)  is  put.  Under  this 
diagram  on  known  significances  Cy  oo  And 

K  00  it  is  possible  to  determine  Cy i;  and  Kh 
for  the  tested  wing  (precisely)  and  for  a 
wing,  close  on  the  form,  that  elongation 
(approximately)  for  specific  significances  h 

and  0 . 


Fig.  2 


Fig.  3 
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The  similar  diagrams  are  constructed  for 
wings  of  other  elongations  from  X  =  0,5  up 

to  ^  =  5,0,  however  in  this  work  they  are  not 
represented.  On  the  other  graph  _relating  to 
flat  screen  (Fig.  3),  are  put  curve  Cy  =  Cvh  / 

Cy  X  depending  on  elongation  of  a  wing  X 
for  a  constant  of  significances  relative 
distance  from  a  screen  h  for  want  of  fixed 
angle  of  attack.  This  graph  contains  that 
interesting  result,  that  for  want  on  small 
distance  from  a  screen  (h  <  0,2) 
magnitudes  Cy  has  the  maxima  between 

significances  X  =  2  and  A,  =  3.  Therefore, 
from  the  point  of  view  of  the  greatest  lift 
perspective  for  application  on  ekranoplanes 

the  wings  with  elongations  X  =  2  -f  3  are. 

Taking  into  account  this  circumstance,  the 
main  information  content  about  movement 
of  a  wing  above  a  wavescreen  in  the 
present  work  was  obtained  for  wings  with 

elongation  A,  =  2  and  A,  =  3.  The  wings  with 

other  elongations  within  the  limits  of  =  0,5 
^  5,0  above  a  wave  screen  also  were 

tested,  but  under  the  reduced  program. 

5.  TEST  of  WINGS  ABOVE  a  WAWY 
SCREEN 

5.1  For  want  of  consideration  of  results  of 
experiments  about  movement  of  a  wing 
above  a  wave  screen  the  main  attention  in 
this  work  is  given  to  a  lift  coefficient  of  a 
wing,  as  by  major  it  to  performance.  The 
datas  on  drag  coefficients  and  longitudinal 
moment  here  are  not  considered.  Some 
submission  about  them  can  be  received 
from  works  [5,6,7]. 


FiQ.4 

On  Fig.  4  the  typical  fragments  of  an 
oscillogram  of  a  continuous  entry  in  time  of 
lift  originating  on  a  wing,  driven  on  small 


distance  above  crests  of  waves  of  various 
length  are  represented.  Appropriate  plots  of 
a  wave  screen  are  represented  below.  Each 
point  curve  on  an  oscillogram  meets  to 
instantaneous  significance  of  lift  in  that 
moment,  when  the  leading  edge  of  a  wing  is 
above  a  point,  appropriate  on  a  vertical,  of  a 
wave  screen.  The  analysis  of  oscillograms 
shows,  that  the  sinusoidal  form  of  a  wave 
screen  is  answered  with  a  unsinusoidal 
character  of  a  time  history  of  lift  of  a  wing. 
The  maximas  of  a  curve  of  lift  occur  earlier, 
than  the  leading  edge  of  a  wing  will  pass 
above  a  peak  level  of  a  crest  of  a  wave,  and 
curves  of  lift  are  nonsymmetric  concerning 
verticals  which  are  taking  place  through 
their  maximas.  And,  the  left  branch  of  a 
curve  appropriate  to  an  approximation  of  a 
wing  to  a  crest  of  a  wave,  is  more  full  on  a 
comparison  with  the  right  branch 
appropriate  to  deleting  of  a  wing  from  a 
crest  of  a  wave.  The  marked  regularities  are 
fair  in  all  cases,  when  the  chord  of  a  wing  is 


5.2  All  curves,  obtained  in  experiment,  of 
instantaneous  significances  of  lift  in  a 
dimensionless  kind  were  subjected  to  a 
Fourier  analysis  with  selection  average  for 
period  of  significance  of  a  lift  coefficient  and 
coefficients  for  first  six  harmonic  of  Fourier 
serieses 

6 

r  ((())=%  +  Ssk  CosKcp  + 

6  2  K=1 

-t-^bk  ■  ^inK  9 

Where:  Cp  -  phase  angle  of  a  curve  lift,  2  - 
average  for  period  significance  of  coefficient 
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Cy,  Cy  and  bk  -  coefficients  of  a  Fourier 
series,  which  were  determined  under  the 
Bessel  formulas  for  an  approximate  Fourier 
analysis 

.  In  a  fig.  5  the  curves  of  instantaneous 
significances  of  a  lift  coefficient  for  a  wing 

with  elongation  =  3,  driven  above  a  wave 

screen  with  an  angle  of  attack  0  =  7"  for 

want  of  to  wavelength  of  a  screen  A.b  =  6-b 
are  represented,  for  an  example.  The 
curves  are  constructed  for  various  distance 
from  crests  of  waves  depending  on  a  phase 

angle  (p  for  want  of  passing  by  a  wing  of  a 

path  from  one  crest  ((p  =  0)  up  to  other  ((p 
=%2).  in  a  fig.  6  the  results  of  a  Fourier 
analysis  of  these  curve  are  represented,  on 
which  under  the  above  indicated  formula  the 

curve  of  instantaneous  significances  Cy  for 
anyone  distance  from  a  screen,  only  for 

datas  of  significances  X  ,  0  and  Xb  can  be 
restored. 


Fig.  6 

5.3.  We  shall  consider  some  features 
describing  lift  of  a  wing  above  a  wave 
screen.  In  a  fig.  7 

the  depenr^nce  is  representedrelative  lift 
coefficient  Cyh  =  from  relative 

Cy. 

distance  up  to  crests  of  waves  for  a  wing  X 

=  2  for  want  of  angle  of  attack  0  =  3 "  35 ' 

and  wavelength  of  a  scree  A.b=  20  •  b. 
The  following  interesting  results  follow  from 
consideration  of  these  curve.  Instantaneous 

significances  Cy  5  above  crests  of  waves 
(  curve  "  1  ")  exceed  Cy  i;  significances, 


appropriate  to  them,  for  want  of  movement 
of  a  wing  above  a  flat  screen  at  a  level  of 
crests  of  waves  (curve  "2").  Characteristic 
just  the  incongruity  of  curves  "  1  "and"  2  " 
here  is,  that  is  a  corollary  purely  of  dynamic 
effect  connected  to  influence  of  a 
wavelength  of  a  screen  on  lift  of  a  wing.  For 
want  of  more  short  waves,  than  in  this  case, 
the  instantaneous  significances  above 
crests  of  waves  can  be  of  smaller 
significances,  appropriate  to  them,  of  a  wing 
above  a  simple  screen  at  a  level  of  crests  of 
waves,  that  will  be  shown  further.  The 
special  interest  represents  that  detected 
experimentally  fact,  that  average  for  period 

of  significance  of  coefficient  Cyh(curve  "3") 
exceed  significances,  appropriate  to  them, 
of  a  wing  above  a  flat  screen  at  a  level  of 
centerline  of  waves  of  a  screen  (curve  "4"). 
This  remarkable  fact  with  reference  to 
ekranoplane  means,  that  for  want  of  flight  at 
some  small  height  above  the  wawy  surface 
of  the  sea  some  increment  of  lift  on  a 
comparison  with  flight  at  same  height,  but 
above  a  undisturbed  surface  of  the  sea  will 
be  derivated. 


FlSLl 

Significances  of  coefficient  Cyh  above  a 
wave  hollow  (the  curve  "  5  ")  in  this  case 
differs  from  unit  a  little.  It  is  connected  that 
height  of  a  wave  on  magnitude  was  equal 
the  given  experiment  to  a  chord  of  a  wing 
and,  therefore,  relative  oTCTonHwe  from  a 
trailing  edge  of  a  wing  up  to  a  wave  hollow 
was  more  unit,  that  equivalently  to 
movement  in  a  boundless  liquid,  for  want  of 

which  Cyh  =  1 .  In  case  of  movement  above 
waves  with  smaller  height,  when  relative 
distance  from  a  trailing  edge  of  a  wing  up  to 
a  wave  hollow  will  be  less  unit,  the  curve  "5" 
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can  place  above  than  significances  equal  to 
unit. 

5.4.  The  large  interest  represents  a  research 
of  influence  of  length  and  height  of  a  wave 
of  a  wave  screen  on  lift  of  a  wing,  driven 
above  him.  Obviously,  that  the  lift  of  a  wing 
should  depend  on  a  ratio  between  length  of 
a  chord  of  a  wing,  on  the  one  hand,  both 
length  and  height  of  a  wave  of  a  screen,  on 
the  other  hand.  As  two  extreme  cases  of 
such  movement  it  is  possible  to  present,  for 
example,  movement  of  a  wing  above  a 
rather  long  wave,  when  chord  of  wing 
makes  only  small  part  of  a  wavelength  of  a 
screen,  and  the  movement  of  a  wing  above 
rather  short  waves,  when  on  length  of  a 
chord  of  a  wing  is  equal  to  some  lengths  of 
waves  of  a  screen. 

Criterions  of  such  movement  are  Strouhal 
Number  and  relative  height  of  a  wave 


=  ,  Hb  =  J^ 

Let's  mark  some  characteristic  cases  from  a 
range  of  Strouhal  Numbers  from  zero  to 
infinite,  using  Fig.  8,  on  which  on  an  axes 
abscissas  the  Strouhal  Numbers,  and  on  an 
ordinate  axis  relative  are  placed  lift 
coefficient,  equal  to  the  relation  of  a  lift 
coefficient  above  a  crest  of  a  wave  to  a  lift 
coefficient  above  a  flat  screen  at  a  level  of 
crests  of  waves 

F 

C,fi 


Fig.8 


The  case  P*=  0  corresponds  to  a 
wavelength  of  a  screen  equal  to  infinity,  that 
it  is  possible  to  treat  as  a  flat  screen  at  a 

level  of  crests  of  waves.  The  case  P*=  2  7C 
corresponds  to  a  wavelength  of  a  screen  to 
an  equal  chord  of  a  wing.  For  all  of  P*  <  2 

71  the  chord  of  a  wing  is  less  than  a 
wavelength  of  a  screen,  and  for  all  of 

P*  >  2  TT  the  chord  of  a  wing  is  more  than  a 
wavelength  of  a  screen.  The  deleted  point 
on  an  axes  of  abscissas{P*  oo  ) 
corresponds  to  an  oscillating  screen  with  an 
indefinitely  small  wavelength,  that  is 
possible  also  to  treat  as  a  flat  screen  located 
at  a  level  of  crests  of  waves.  On  Fig.  8  the 

datas  for  a  wing  X  =2,  driven  with  an  angle 
of  attack  0  =  3  "  49  ’  on  relative  distance 
from  a  level  of  crests  of  waves  h  =  0,03,  are 
indicated.  For  want  of  it  to  trace  influence  to 
lift  of  a  wing  of  a  wavelength  of  a  screen  in 
the  pure  state,  were  selected  datas  relating 
to  waves  of  various  length,  but  identical 
height  equal  to  length  of  a  chord  of  a  wing 
Hb  =  b  in  put  on  the  graph  only.  The 
consideration  of  an  obtained  curve  gives  the 
following  submission  about  influence  of  a 
wavelength  of  a  screen  to  lift  of  a  wing.  For 
want  of  rather  long  waves  (P*<  0,5)  lift  of  a 
wing  above  crests  of  waves  is  close  on 
magnitude  to  lift  of  a  wing  above  a  flat 
screen  at  a  level  of  crests  of  waves  and  can 
a  little  exceed  this  significance.  However, 
for  want  of  magnification  of  Strouhal 

Number  from  P*s  0,5  up  to  P*  =  2 

71.  that  corresponds  to  a  diminution  of  a 
wavelength  of  a  screen  up  to  magnitude  to 
an  equal  approximately  chord  of  a  .screen, 
the  lift  of  a  wing  above  crests  of  waves 

continuously  decreases  and  for  want  of  P* 

=  2  71  reaches  significance  approximately 
equal  0,6  from  the  significance  above  a  flat 
screen  at  a  level  of  crests  of  waves.  For 
want  of  further  diminution  of  a  wavelength 
of  a  screen,  when  under  a  chord  of  a  wing 
places  more,  than  one  ripple  of  a  wave,  lift, 
probably,  is  increased  and  for  want  of 

P*  00  the  significance  Cyh  =  1 ,  as  above 
a  flat  screen  at  a  level  of  crests  of  waves 
should  be  restored.  On  the  graph  the 
prospective  disposition  of  a  curve  for  want 
of  is  designated  by  a  dashed  line.  Physically 
such  behaviour  of  a  curve  of  lift  above 
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crests  of  waves  depending  on  Strouhal 
Number  becomes  clear  of  consideration  of 
the  sketch  in  a  top  Fig.  8.  if  the  wavelength 
of  a  screen  is  more  than  length  of  a  chord  of 
a  wing,  with  magnification  of  Strouhal 
Number  the  lift  of  a  wing  above  a  crest 
should  decrease,  because  the  average 
distance  from  a  surface  of  a  wing  up  to  a 
surface  of  a  screen  is  increased.  If  the 
wavelength  of  a  screen  is  less  than  length  of 
a  chord  of  a  wing,  with  magnification  of 
Strouhal  Number  the  lift  of  a  wing  above 
crests  of  waves  should  be  increased,  as  the 
average  distance  from  a  surface, of  a  wing 
up  to  a  surface  of  a  screen  decreases. 


Fig.  9 

About  influence  of  height  of  a  wave  of  a 
screen  to  lift  of  a  wing  above  a  crest 
the  waves  are  possible  to  made  by 
submission,  analyzing  datas  indicated  on 
Fig.  9.  On  this  graph  the  relation  of  a  lift 
coefficient  of  a  wing  above  a  crest  of  a 
wave  to  a  lift  coefficient  of  a  wing  abovie  a 

flat  screen  at  a  level  of  crests  of  waves  Cyh 
is  given  depending  on  Strouhal  Number  for 
various  significances  of  relative  height  of  a 


in  experiment  it  was  possible  to  envelop  a 
range  of  a  modification  of  relative  height  of 
waves  of  a  screen  in  limits 


Hk  =  i. 


1 

20 


As  the  general  character  is  visible  from  the 
graph,  curves  Cyh  =  f  (P*)  for  want  of 
Hb  =  Const  is  similar  considered  in  a  Fig.  8 
for  the  same  wing,  but  for  want  of  Hb  =  b. 
Here  tendecy  CyW  Cyfl  for  want  of 
rather  long  waves  of  a  screen  (P  0) 

and  for  want  of  very  short  waves  (P  ->  x) 
also  is  observed.  However,  in  all  a  range, 
enveloped  by  experiment,  of  a  modification 
of  Strouhal  Numbers  the  essential 
dependence  of  lift  of  a  wing  above  cr^ts  of 

waves  from  relative  height  of  a  wave  Hb  is 
observed.  This  dependence  expresss  that 
the  lift  of  a  wing  above  crests  of  waves 
essentially  decreases  with  magnification  of 
relative  height  of  waves.  For  want  of 
diminution  of  relative  height  of  waves  of  a 
screen  and  tendecy  it  to  zero,  the  lift  of  a 
wing  above  crests  of  waves,  naturally,  tends 
to  the  significance  above  a  flat  screen  at  a 
level  of  crests  of  waves. 


Fig.  10 

It  is  possible  to  judge  influence  of  Strouhal 
Number  on  magnitude  of  oscillation 
frequency  of  a  curve  lift  above  a  wave 
screen  by  results  of,  represented  in  a 
Fig.  10.  On  this  graph  the  dependence  on 
Strouhal  Number  of  a  difference  between 
instantaneous  significances  of  lift  coefficient 
of  a  wing  for  want  of  passing  it  above  a 
crest  and  above  a  middle  of  a  hollow  of  a 
wave  of  a  screen  is  given.  On  the  graph  two 
curves  are  given.  One  for  a  wing  with 

elongation  ^  =  2  above  a  wave  screen,  at 
which  the  waves  of  all  lengths  had  identical 
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height  equal  to  a  chord  of  a  wing  Hi,  =  b. 
Other  curve  corresponds  to  movement  of  a 

wing  with  elongation  =  3  above  a  wave 
screen,  at  which  height  of  each  wave  was 
equal  to  the  one  twentieth  part  of  its  length 

H/^t) 

b  =  .  An  angle  of  attack  of  wings  and 

relative  distance  from  crests  of  waves  in 
both  cases  were  identical.  Both  in  first,  and 
in  the  second  case  oscillation  frequency  of 
lift  above  a  wave  screen  essentially 
decreases  with  magnification  of  Strouhal 
Number. 

5.5  Is  higher,  for  want  of  discussion  of 
results,  represented  in  a  Fig.  7  already,  it 
was  mentioned,  that  for  want  of  movement 
of  a  wing  above  a  wave  screen  average  for 
the  period  of  significance  of  a  lift  coefficient 
is  exceeded  by  significances  lift  coefficient 
for  want  of  movement  of  a  wing  above  a  flat 
screen  at  a  level  of  centerline  of  a  wave.  In 
a  Fig.  11  this  "  the  effect  of  exceeding  "  is 
reflected  as  dependence  on  Strouhal 
Number  of  magnitude 


Fig.  11 
ACy 


100% 


Where:  -  average  for  period 

significance  of  a  lift  coefficient  of  a  wing 
above  a  wave  screen;  CySv  -  lift  coefficient 
for  want  of  movement  of  a  wing  above  a  flat 
screen  at  a  level  of  centerline  of  a  wave. 
From  the  graph  it  is  visible,  that "  the  effect 
of  exceeding  "  for  want  of  small  Strouhal 
Numbers  can  reach  15  %  and  more,  but  it 
decreases  with  magnification  of  Strouhal 


Number  and  with  magnification  relative 
distance  of  a  wing  from  crests  of  waves. 


6.  WING  WITH  A  FLAP  NEAR  TO  A 
SCREEN 

The  interesting  results  were  obtained  for 
want  of  tests  above  flat  and  wave  screen  of 
a  wing  with  deviating  flap  [8].  Was 
investigated  problem  of  influence  of  a 
screen  to  efficiency  of  a  flap.  Efficiency  of  a 
flap  on  lift  far  from  a  screen  we  shall  take  as 
the  relation  of  a  gain  of  a  body  force  of  a 
wing  stipulated  by  a  deviation  of  a  flap  to  lift 
of  a  wing  with  undeflected  flap. 


CyP  —  CyP=0 
CyP=0 


Where:  f>  -  angle  of  a  deviationof  a  flap,  Cy 
P  -  lift  coefficient  wing  with  deviating  flap; 
CyP=0  -  lift  coefficient  of  a  wing  with 
undeflected  flap.  For  case  of  movement 
near  to  a  screen  efficiency  of  a  flap  on  lift 
we  shall  express  by  a  similar  ratio 

Cyh 

CyhP^O 

Where:  h  -  relative  oTCTOHnne  from  a  trailing 
edge  of  a  flap  up  to  a  screen.  Influence  of  a 
screen  to  efficiency  of  a  flap  on  lift  we  shall 
be  to  characterize  by  relative  efficiency  of  a 
flap  on  lift 


In  a  Fig.  12  the  graph  of  relative  efficiency 
of  a  flap  is  represented  on  lift  depending  on 
relative  distance  from  a  trailing  edge  of  a 
flap  up  to  a  screen. 


17-9 


A  flap  was  located  on  the  whole  range  of  a 
wing  X  =2,  driven  with  an  angle  of  attack 

0  =  2  30’.  The  chord  of  a  flap  has  made 
the  one  tenth  part  of  a  chord  of  a  wing.  A 
flap  deviated  sequentially  on  angles  p  = 

o  o  o 

10  ,  20  H  30  ■  As  It  is  visible  from  the 
schedule,  for  want  of  approximation  of  a 
wing  with  deviating  flap  to  a  screen  the 
relative  efficiency  it  on  lift  in  the  beginning 
is  reduced  and  the  more,  than  greater  angle 
of  a  deviation  of  a  flap.  It  is  possible  to 
explain  it  by  effect  of  straightener  of  a 
screen  on  a  stream,  deviating  by  the  flap. 
However  on  extreme  small  distance  from  a 
screen  for  want  of  h  <  0,1  relative  efficiency 
of  a  flap  begin  to  increase,  that  it  is  possible 
to  explain  by  a  blocking  effect  of  a  stream 
by  a  flap  near  to  a  screen. 

7.  CONCLUSION 

In  Institute  of  a  Hydromechanics  UNAS  the 
unique  experimental  installation  for  a 
research  of  movement  of  a  wing  near  to  the 
boundaries  of  the  complicated  form  was 
created.  On  this  installation  large  volume  of 
a  new  information  about  influence  of  a  flat 
and  wave  screen  to  hydrodynamic 
performances  of  a  wing,  driven  above  a 
him,  is  obtained.  The  obtained  results  can 
be  used  for  want  of  designing  of 
ekranoplanes  and  for  want  of  analysis  of 
their  movement  above  the  quiet  and  wavy 
surface  of  the  sea.  Some  from  these  results 
are  represented  in  the  present  work. 
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1.  SUMMARY 

Now,  at  immense  successes  of  the  computer  hydro- 
dynamic  it  is  useful  to  consider  some  fundamental 
physical  statements.  The  types  of  cavitating  flows, 
reentrant  jets,  energy  conservation  principles,  cav¬ 
ity  pulsation  at  cavitation  are  presented  below. 

2.  SOME  TYPES  OF  CAVITATING 
FLOWS 

A  fully  developed  cavity  in  weightless  fluid  is  de- 

flned  by  cavitation  number  cr  =  where  Ap  is 

P~T' 

the  pressure  difference  in  undisturbed  fluid  poo  and 
in  a  cavity  Pk',V  is  the  relative  velocity:  p  is  the 
density.  A  closed  cavity  with  certain  area  of  the 
mid-section  Sk  ~  which  is  proportional  to  the 
cavitator  drag  W,  is  derived  at  <7  >  0  (Fig.  1,  II). 
Obviously,  Sk  exists  at  any  Ap  >  0,  and  in  this 
point  the  cross  section  area  S{x)  satisfies  the  con¬ 
dition  =  0.  It  is  clear  that  this  cavity  develops 
on  large  distances  r  — >  oo  as  a  dipole,  and  the  ab¬ 
solute  velocity  of  fluid  V  is  proportional  to  1/r^. 

The  case,  when  Ap  =  0  and  cr  =  0,  (Fig.  1,  I) 
corresponds  to  the  infinite  cavity.  Its  cross  section 
S{x)  has  no  maximum.  Hence,  this  cavity  corre¬ 
sponds  to  an  infinite  chain  of  sources.  In  spite  of 
the  cavity  contour  S(x)  near  the  cavitator  at  small 
cr  ^  0  asymptotically  coincides  with  the  cavity  at 
<7  =  0,  these  two  flows  are  principally  different,  and 
this  is  necessary  to  take  into  account.  So,  for  exam¬ 
ple,  if  the  cavitator  is  flowed  by  jet  with  diameter 
d  <C  djj,  then  on  the  large  distances  the  cavity  is 
degenerated  into  a  cone  jet  of  angle  6  ~ 

3.  REENTRANT  JETS  AT  CAVITATION 

Theoretically,  a  steady  cavity  at  cr  >  0  is  formed 
that  a  spray  jet  of  section  Fc  with  relative  veloc¬ 
ity  Vk  =  V -v/1  +  cr  and  absolute  velocity  F  -|- 14  is 
directed  from  its  back  part  forward.  At  small  cr, 
F  -h  14  ~  21^  and  the  cavitator  drag  W  ~  2pFcV^. 
If  the  jet  was  colliding  with  the  bottom  part  of  the 
cavitator  and  then  was  dissipating  perpendicularly 
to  the  motion  direction,  its  pressure  on  the  bot¬ 
tom,  which  is  directed  forward,  would  be  pFcV^ 


or,  approximately  |1T.  The  jet  turn  on  the  cav¬ 
itator  bottom  completely  compensates  the  cavita¬ 
tor  drag.  It  is  theoretical.  Practically,  in  the  sta¬ 
tionary  cavity  the  jet  is  destroyed  and  carried  over 
with  supplied  gas  to  the  wake.  However,  in  some 
cases  (Fig.  1,  III)  the  power  jets  directed  up  and  to 
within  the  cavity  are  formed  at  the  cavity  closure 
during  vertical  water  entry  with  high  velocity.  The 
internal  jet  collides  with  the  bottom  of  the  body, 
and  this  effect  is  considerable.  In  the  experiment 
we  observed  the  total  destruction  of  instrumenta¬ 
tion  located  in  the  body’s  bottom  part  by  namely 
such  jet  (Fig.  1,  III). 

4.  ENERGY  CONSERVATION  PRINCI¬ 
PLE 

At  stationary  motion  the  force  overcoming  the  drag 
W  performs  work  per  second  WV  =  and  the 
energy  E  remains  in  the  wake.  Along  the  cavity 
length  I  the  energy  in  the  wake  Wl  ~  ApSkl-  Since, 
the  energy  density  must  be  the  same  for  each  part 
of  the  wake  length  I  at  the  enough  distance  from  the 
cavitator,  it  is  natural  to  suppose  that  a  sum  of  the 
kinetic  energy  T  and  potential  energy  U  is  equal  to 
energy  E  for  overcoming  the  cavitator  drag.  Then 
-^[I  +  U  E)  =  0,  where  h  is  the  cavitaor  cen¬ 
ter  trajectory.  For  stationary  cavity  at  cr  — >  0  we 
obtain  T  Ap{Skl  —  Ok),  where  Ok  is  the  cavity 
volume.  Spreading  the  previous  equation  on  the 
unsteady  motion  along  the  curvilinear  trajectories 
is  the  mathematical  formulation  of  ’’principle  of  in¬ 
dependence  of  the  cavity  section  expansion”.  For 
an  ellipsoid  Ok  =  ^Skl-  As  is  known  the  stationary 
cavity  is  close  to  an  ellipsoid. 

5.  PRINCIPPLE  OF  INDEPENDENCE 
OF  CAVITY  SECTION  EXPANSION 

The  approximate  ’’principle  of  independence  of  the 
cavity  expansion”  was  formulated  in  1960  -  1961. 
It  was  subjected  to  the  careful  experimental  testing 
to  apply  in  practice. 

Comparisons  of  calculations  with  results  of  the  cor¬ 
responding  experiments  are  shown  in  Fig.  2.  A 
snake-shaped  cavity  is  formed  past  a  disk  at  cross 
oscillations  of  a  bar  with  disk.  An  analysis  of  this 
cavity’s  frames  at  fixed  velocity  and  supply  before 


Paper  presented  at  an  AGARD  FDP  Workshop  on  "High  Speed  Body  Motion  in  Water”, 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 


18-2 


the  oscillation  beginning,  at  oscillations  and  again 
without  the  oscillations  has  shown  the  total  iden¬ 
tity  of  the  contour.  At  vertical  water  entry  with 
high  speed  the  body  moves  with  deceleration,  and 
the  cavity  is  obtained  wider.  In  photograph  the 
calculated  points  are  plotted  on  a  basis  of  the  ’’in¬ 
dependence  principle” .  They  coincide  with  the  ex¬ 
perimental  contour. 

The  known  M.I.  Gurevich’s  work  has  shown  that 
the  additional  mass  at  impact  of  the  plate  with 
Kirhgojf  cavity  past  it  is  more  only  on  8  %  that 
the  additional  mass  of  the  plate  swimming  on  the 
flat  water  surface.  The  photograph  (Fig.  )  shows 
the  test  where  the  weight  gliding  along  the  bar  is 
impacting  against  the  disk  after  the  cavity  forma¬ 
tion  past  it.  In  the  impact  moment  the  cavity 
separation  is  formed,  and  a  new  cavity  begins  to 
be  formed,  while  the  ’’old”  cavity  is  being  devel¬ 
oped  practically  independently  on  the  impact.  A 
detailed  analysis  has  shown  that  the  ’’impact”  ad¬ 
ditional  mass  of  the  disk  is  less  approximately  in 
two  times  than  ’’cavitationally”  developing  one  at 
moderate  accelerations. 

An  application  of  the  ’’independence  principle” 
permitted  the  acoustic  radiation  of  the  cavities  to 
evaluate.  It  is  of  interest  from  point  of  view  of  in¬ 
formation  connection. 

5.  CAVITY  PULSATIONS 

In  many  experiments  the  cavity  pulsations  are  be¬ 
ing  observed  when  wave-shaped  appendages  and 
hollows  run  along  the  cavity.  A  long  time  this  ef¬ 
fect  had  no  strict  explanation.  It  was  not  clear 
how  may  it  be  controlled.  The  explanation  and 
theory  of  this  effect  are  obtained  in  fundamental 
work  by  E.  V.  Parishev.  He  has  been  using  the  ’’in¬ 
dependence  principle”  and  has  shown  that  the  cav¬ 
ity  behaviour  can  be  described  by  equations  with 
lagging  argument.  The  basic  results  of  E.  V.  Pari¬ 
shev 's  work  are  shown  in  Fig.  3. 

An  analysis  of  the  equations  has  shown  that  the 
cavity  is  stable  only  for  the  lagging  argument  range 

0  <  ro  <  TT-v^,  where  tq  =  Here,  Eu 

is  Euler  number,  7  is  the  politropic  exponent  of  gas 
within  the  cavity.  It  means  physically  that  the  ven¬ 
tilated  cavity  is  stable  about  the  vapor  cavitation  at 
Pk/Poo  <  0.7,  if  7  =  1.4  (see  Fig.  3).  If  tq  >  n\/2, 
then  waves  arise.  The  number  of  them  A  ~  ^ 
is  close  to  integer  numbers.  I  want  to  emphasise 
that  before  Parishev ’s  works  this  phenomenon  na¬ 
ture  was  not  clear.  Parishev ’s  equation,  its  solution 
illustration  and  a  comparison  with  experiments  are 
shown  in  Fig.  3. 


The  principle  of  plane  sections,  which  is  generally 
the  same  principle  of  independence,  was  used  in  the 
numerous  works  by  Yu. E. Zhuravlev  (Moscow)  and 
V.N.  Buyvol  (Kyiv).  They  have  studied  in  detail 
the  deformation  of  cavity  cross  sections.  Really, 
for  equation  deduction  we  consider  not  cylindrical 
expansion  of  the  cross  layer  extending  to  infinity 
but  the  motion  in  stream  pipe  based  on  the  cavity 
length  units  where  the  kinetic  energy  is  finite. 

8.  OTHER  CASE  OF  INDEPENDENCE 
PRINCIPLE  APPLICATIONS 

The  ’’Independence  Principle”  can  be  treated  in 
wider  sence  not  only  for  cavities.  In  all  the  cases 
when  a  wake  remains  past  a  body  where  disturbed 
velocities  of  fluid  along  the  trajectory  are  small  in 
comparison  with  velocities  normal  to  the  trajec¬ 
tory  we  can  with  known  approximation  state  that 
the  wake  length  part  moves  independently  on  the 
following  motion  of  the  body.  In  particular,  for 
hydroplane  the  wake  is  formed  past  the  first  step 
at  the  moment  t,  it  reaches  to  the  second  step  for 
time  interval  r  =  l/V.  During  time  r  the  wake 
is  deformed  existing  independently.  The  force  act¬ 
ing  on  the  first  step  at  the  moment  ti  =  t  -f  r  is 
approximately  independent  on  the  wake,  but  the 
force  depending  both  on  the  hydroplane  kinematic 
parameters  at  the  moment  ti  and  on  the  wake  con¬ 
taining  ’’history”  of  it  formation  at  the  moment 
ti  —  T  —  t  and  deformation  for  time  r  acts  to  the 
second  step.  It  is  clear  that  a  system  of  differential 
equations  of  the  hydroplane  motion  should  contain 
terms  with  lagging  argument.  At  some  combina¬ 
tions  of  parameters  instability  arises. 

9.  CONCLUSION 

Repeating  some  known  statements,  it  is  useful  to 
emphasize  that  it  is  appropriate  to  make  prelimi¬ 
nary  physical  evaluations  of  a  situation  and  to  sepa¬ 
rate  the  ’’possible”  from  ’’impossible”  at  composing 
the  computer  programs. 
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7.  PRINCIPLE  OF  INDEPENDENCE  OF 
PLANE  SECTIONS 
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1.  Introduction 

Cavitating  and  ventilated  bodies  produce  trailing  cavities  of  a  length 
and  volume  out  of  all  proportion  to  the  dimensions  of  the  body  itself. 
The  shape  and  dimensions  of  these  cavities  have  attracted  research 
interest  which  is  intensified  by  the  engineering  of  high  speed  bodies 
enveloped  by  their  cavities  in  order  to  reduce  their  resistance. 

In  his  introductory  work  on  the  linearized,  or  thin  body,  theory  of 
planar  supercavitating  flows,  the  present  author  obtained  asymptotic 
results  defining  the  cavity  shape,  Tulin  (1953).  It  was  shown  that  the 
trailing  planar  cavity  behind  a  head  form  was  asymptotic  in  shape  to 
a  slender  elliptic  cylinder  whose  length,  and  thickness,  T,  depend  in 
a  simple  way  on  the  body  drag  coefficient,  Cp,  and  cavitation  number, 
cr  <C  1: 


^|t  =  {8/'k)Cd/o'‘^ 

T/t  ^  {AlTt)CDla  (1) 

where,  t  is  a  characteristic  length  of  the  body.  Later,  Tulin  (1956),  it 
was  shown  that  in  the  case  of  a  lifting  foil,  only  the  symmetric  part  of 
the  flow  field  (i.e.  strut-like)  entered  into  the  determination  of  the  drag 
and  cavity  length. 

A  few  years  later,  Garabedian  (1956)  obtained  corresponding  results 
for  axisymmetric  bodies  like  cones: 


{i/df  ^  Cp^en- 
a 

{T/df  ^  Cola  (2) 

where  d  is  the  diameter  of  the  base  of  the  cone  forebody  and  Cp  is  non- 
dimensionalized  with  the  base  area.  The  shape  of  the  trailing  cavity  is 
essentially  spheroidal. 
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Here  we  derive  a  generalization  of  (1)  and  (2)  to  the  case  of  gen¬ 
uinely  three  dimensional  headforms.  It  is  clear  that  all  possible  head 
shapes  are  unlikely  to  shed  cavities  of  the  same  general  characteristics. 
For  example,  delta  wings  produce  cavities  with  the  appearance  of  a 
re-entrant  jet  along  the  top  axis  of  symmetry,  Tulin  (1955),  while  rect- 
anglular  wings  produce  smooth  trailing  cavities  with  the  addition  of 
strong  cavitating  tip  vortices.  As  a  prototype  headform  we  consider  a 
wing  of  elliptical  shape,  span  W  and  midchord  C,see  figure  1  at  the 
top;  the  aspect  ratio,  AR,  of  the  wing  is  W/C.  This  headform  seems 
likely  to  produce  a  trailing  cavity  of  basically  ellipsoidal  shape. 


2.  Regimes  of  Cavity  Shape(Quasi-Planar;  Long-Flat; 

Spheroidal) 

The  cavity  length,  £,  and  thickness,  T,  increase  with  increasing  speed, 
Qo,  or  decreasing  cavitation  number,  a.  With  increasing  speed  the  shape 
of  the  three  dimensional  cavity  changes,  too,  as  shown  in  figure  1; 
the  speed  is  increasing  from  top  to  bottom.  We  identify  three  distinct 
regimes. 

For  a  wing  of  sufficiently  high  aspect  ratio,  the  cavity  has  at  first 
a  width,  B,  equal  to  the  wing  span,  but  of  much  shorter  length;  the 
flow  about  the  wing  is  thus  quasi-planar  (I).  With  increase  in  speed, 
the  cavity  length  too  becomes  as  large  as  the  wing  span;  this  results  in 
the  thin  cavity  labeled  "discus”  in  figure  1. 

The  discus  is  a  transition  between  the  quasi-planar  regime  (I)  and 
the  long- flat  regime  (II).  In  the  latter,  the  cavity  length  exceeds  the 
wing  span,  but  the  latter  is  larger  than  the  cavity  thickness;  the  cavity 
width  remains  fixed  in  size,  equal  to  the  wing  span. 

Eventually  the  cavity  thickness  equals  its  width,  and  the  spheroidal 
regime  (III)  is  initiated.  Thereafter,  with  increase  in  flow  speed,  the 
cavity  remains  spheroidal  and  thin,  with  the  diameter  exceeding  the 
wing  span. 

We  note  that  in  each  of  these  regimes  the  cavity  width  is  specified, 
leaving  its  length  and  thickness  (or  diameter  in  III)  to  be  determined. 
In  the  spheroidal  regime,  the  requisite  asymptotic  relationships  have 
already  been  given  by  Garabedian  (1956),  eqn.  (2).  This  leaves  regimes 
I  and  II  to  be  treated. 


3.  Thin  Ellipsoids  as  Cavities 

Thin  ellipsoids  aligned  with  a  uniform  flow  are  known  to  have  a  pres¬ 
sure,  Pc,  over  most  of  their  smooth  sides  which  is  almost  uniform  and 


reduced  from  the  ambient  pressure,  Pq.  We  imagine  headforms  like  the 
elliptic  wing  in  a  flow  at  a  low  cavitation  number  a,  trailing  cavities 
which  are  essentially  thin  ellipsoids,  where  now: 
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Pq-Pc 

^/‘^PQo 


(3) 


The  flowspeed  is 

The  added  mass  of  this  thin  ellipsoid  (length  thickness  T,  width  B, 
is  given  by  pkiV,  where  V  is  the  ellipsoid  volume  and  fci  the  horizontal 
added  mass  coefficient.  It  is  well  known  that  the  latter  is  directly  related 
to  the  speed,  qc,  on  the  smooth  sides  of  the  thin  ellipsoid,  which  can 
be  shown  to  be. 


=  (1  +  ki)qo  (4) 

and,  therefore,  using  Bernoulli’s  equation  relating  q^  and  Pc,  and  (3), 

a  =  {l  +  kif  -  1  S  2fci  (5) 


4.  The  Added  Mass  Coefficient 

The  added  mass  coefficient  ki,  and  therefore  a  is  dependent  on  the 
shape  of  the  thin  ellipsoid. 


*:.  =  I  =  [Tlt)f{llB)  (6) 

For  example  in  the  two  dimensional  and  axi-symmetric  cases  where  B 
disappears  as  an  independent  variable,  a  =  2{T/l)  for  slender  elliptic 
cylinders  and  a  =  {T/i)‘^ln{T/i)‘^  for  slender  spheroids. 

In  the  general  three  dimensional  case,  fci  for  ellipsoids  is  known  in 
terms  of  complete  elliptic  integrals  of  the  first,  F,  and  second,  E,  kinds, 
Munk  (1934).  In  application  to  supercavitating  flows,  T/L  <^l,we  find 
for  each  of  the  two  regimes  in  figure  1; 

RegimeI{B  >  F)  :  ki^/T  =  fi{e/B)  (7) 

Regimes  1 1  andl  1 1  {I  >  B)  :  kii/T  =  f2{B/l)  (8) 

where. 


h{l/B)  =  [l  -  [e/Bf]  '  [E{p{)  -  {t/B)^F{pr)] 

Pi=[l-{i/Bff^ 


(9) 


(10) 


f2{B/£)  =  Bie  [l  -  {B/ef] [F(m2)  -  £^(M2)] 

These  relationships  (7)  and  (8)  must  now  be  supplemented  by  anoth¬ 
er  which  provides  a  relationship  between  the  headform  drag  and  the 
cavity  dimensions.  These  together  give  a  general  three  dimensional  solu¬ 
tion  equivalent  to  (1)  and  (2)  for  the  limiting  cases  of  two-dimensional 
and  axi-symmetric  flow. 


5.  Energy  Flux  and  Drag 

The  headform,  with  drag  D,  moving  in  a  quiescent  fluid  with  the  speed 
Uq  in  the  x  direction  does  work  on  the  fluid  at  the  rate  D  ■  Uq-  This 
corresponds  to  a  kinetic  energy  flux  from  the  headform  of  the  same 
magnitude,  which  is  absorbed  at  the  tail  at  some  nominal  time  r  later. 
This  transit  time,  r,  must  scale  with  the  time  of  passage  of  the  body- 
cavity  past  a  fixed  point,  i/uo- 

This  kinetic  energy  flux  thus  provides  in  time  r  the  kinetic  energy, 
KE,  which  is  distributed  throughout  the  flow  field  around  the  body, 
especially  in  its  close  vicinity: 

KE  flux  ■  Transit  Time  oc  Flowfield  KE  (11) 

The  RHS  above  is  proportional  to  {pu‘^/2)  •  ki  ■  IBT.  Therefore,  after 
substitutions  and  cancellations,  (11)  can  be  written: 


D  =  7  •  {pul/2)  -h-BT  (12) 

where  7  is  a  factor  to  be  determined.  After  using  (5),  this  result  is  of  the 
same  form  as  a  theorem  found  by  Garabedian  (1956)  for  supercavitating 
cones  by  scaling  arguments,  and  leading  to  (2)  lower.  It  is  also  of  the 
same  form  found  by  Tulin  (1953)  for  planar  bodies  {B  =  1),  equation 
(1)  lower.  In  both  cases,  planar  and  axisymmetric,  (12)  is  identical  to 
(1)  and  (2)  lower,  for  7  =  2/7r.  It  is  quite  remarkable  that  the  same 
value  of  7  suffices  here  for  both  planar  and  axisymmetric  cases.  This 
fact  provides  the  rationale  for  our  use  of  (12)  with  7  =  2/7r  in  the 
general  three  dimensional  case.  Finally,  we  note  that  this  derivation 
provides  some  physical  insight  into  the  nature  of  the  mathematical 
laws  of  Garabedian  and  Tulin. 

Our  general  three  dimensional  law,  (12),  can  be  given  the  form: 
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BTlAn  =  (4/7r)Cz)/a  (13) 

where  An  is  the  reference  area  of  the  forebody  used  in  forming  Cij.  In 
the  case  of  the  elliptic  wing,  An  =  {'kI^)WC  =  WC.  Equation  (13)  is 
the  three  dimensional  generalization  of  (1)  and  (2)  lower. 

The  cavity  thickness,  T,  may  be  removed  from  (13)  by  using  (7)  or 
(8)  leading  to  relationships  for  the  cavity  length. 

Finally,  after  some  substitutions,  we  find  for  the  elliptic  wing: 
Regimes  I,  II. 


r/C  =  (4/71)00/(7  (14) 

^/C  =  {%|'K)CD|(y''^ha[^|W]  (15) 

Where: 

£/W  =  £/C-7r/4-l/Ai?  (16) 

and  /i,2  is  given  by  (9)  and  (10),  B  —  W.ln  the  planar  case,  t  —  c, 
fi  =  l. 

Regime  III  (spheroidal). 


(r/C)2  =  {Cd  ■  AR)/a 

(17) 

i/T  =  -f2{T/i) 

a 

(18) 

^/r  »  1  (7  ^  {T/efln{i/Tf 

(19) 

which  can  be  approximated  after  some  minipulation,  again  for  very 
slender  cavities. 


{£/T)^  =  hn-  (20) 

a  <T 

Multiplying  (17)  and  (20)  the  general  law  for  elliptic  wings  in  regime 
III  becomes 


{£/Cf  =  (21) 

In  the  axisymmetric  case,  AR  —  1,  C  =  d  and  (21)  yields  Garabedian’s 
law,  equation  (2)  upper. 


6.  Concluding  Remarks 

The  theory  given  here  is  hueristic  in  nature;  it  is  not  exact.  It  needs 
to  be  supported  by  experiments  and  additional  theory.  In  addition, 
unconventional  headforms  may  lead  to  unconventional  cavities,  with 
deviation  from  ellipsoidal  shape.  These  need  their  own  special  consid¬ 
eration. 

Among  the  results  which  can  be  easily  derived  from  the  present 
theory  are  the  boundaries  between  Regime  I  and  II,  and  II  and  III.  On 
the  former  the  cavity  is  a  discus,  as  shown  in  figure  1;  on  the  latter 
it  first  assumes  spheroidal  shape.  These  two  transition  boundaries  are 
given  by  the  following  laws,  respectively: 


cr**  =  [CdIAR]  (23) 

see  figure  2. 

It  is  hoped  that  these  laws  will  prove  useful  in  design. 


'  AR 


(22) 
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Figure  1:  Supercavitating  Regimes 
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Figure  2:  Regimes  of  Three  Dimensional  Cavity  Shapes 
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1.  SUMMARY 

The  main  hardware  of  the  institute  of  Hydrome¬ 
chanics  of  UNAS  for  research  of  high-speed  super¬ 
cavitating  motion  in  water  are  presented.  These  are 
the  35  m  launching  tank  with  electrochemical  cat¬ 
apult,  the  vertical  tank  to  investigate  water  entry, 
the  hydrodynamic  tunnel  of  open  type.  Cinegrams 
of  supercavity  obtained  at  underwater  motion  of 
supercavitating  models  for  speeds  up  to  1360  m/s 
(0.93  M)  are  demonstrated. 

The  hydrodynamic  effects  connected  with  super¬ 
cavitating  motion  of  objects  and  their  stability  are 
discussed. 

2.  INTRODUCTION 

Experience  of  development  of  experimental  high¬ 
speed  hydrodynamics  shows  that  it  is  convenient 
for  velocities  up  to  30  m  /s  to  use  the  inverted  mo¬ 
tion,  which  is  realized  due  to  hydrodynamic  tunnels 
[14].  IHM  has  two  hydrodynamic  tunnels. 

The  small  hydrodynamic  tunnel.  Its  working  sec¬ 
tion  is  0.34x0.34  m,  the  working  part  length  is  2m, 
the  mainstream  velocity  is  9  m/s.  It  is  a  tunnel 
of  open  type  with  opened  working  part.  Pumps 
inject  water  to  the  upper  tank,  where  free  level  is 
sustained  constant.  The  water  arrives  under  con¬ 
stant  pressure  of  water  column  equal  to  4.5  m  to 
the  working  part. 

The  big  hydrodynamic  tunnel.  Its  working  section 
is  0.5  X  0.5  m,  the  w^orking  part  length  is  4  m.  It 
is  a  tunnel  of  open  type  with  opened  working  part 
with  maximal  admissible  velocity  up  to  30  m/s. 

It  is  convenient  for  velocity  range  30  -r  200  m/s  to 
use  the  models  moving  on  wires.  The  30  m  flume 
with  the  vapor  catapult  is  used  to  realize  this.  The 
catapult  can  launch  models  up  to  5  kg  with  velocity 
130  m/s. 

The  launching  tanks  with  free  motion  of  models  are 
used  for  velocities  about  1000  ra/s  [14].  At  the  IHM 
the  supplying  part  of  big  hydrodynamic  tunnel  is 
used  as  a  launching  tank.  The  launching  tank  has 


10  pairs  of  looking  windows  and  is  supplied  by  an 
electrochemical  catapult  using  the  electrolysis  gas 
energy  after  decomposition  of  water.  The  maximal 
achieved  velocity  on  this  tank  is  equal  to  1360  m/s 
(0.93  M). 

The  object  is  partially  or  completely  placed  iii  the 
supercavity  (Fig.  1)  formed  by  nose  part  -  cavi- 
tator  according  to  the  hydrodynamic  scheme  of  su¬ 
percavitating  flow  [1  —  6].  The  object  can  not  have 
points  of  contact  with  a  cavity  boundary  (Fig.  1, 
c)  at  use  of  the  jet  cavitator. 


It  is  seen  from  formulae  of  hydrodynamic  drag  for 
bodies  at  continuous  and  cavitation  flow  schemes 


pV^ 

X  =  Cx(Re)  ^5 


,^c  =  Cc((r)^5e  (1) 


that  Xc  does  not  depend  on  the  viscosity.  Here 
Re  =  UL/i^  is  Reynolds  number,  cr  =  {P  —  Po)f 
is  the  cavitation  number,  S  and  Sc  are  the  wetted 
surfaces  of  body  at  continuous  and  cavitation  flow 
regimes,  p  and  v  are  the 'density  and  viscosity  of 
water. 


The  cavitation  flow  scheme  has  also  one  important 
and  surprising  property.  Calculations  show  that 
the  cavitation  scheme  of  flow  around  the  body  in 
water  can  ensure  the  lower  drag  than  at  motion 
with  the  same  velocity  in  air. 

Moving  in  the  vapor  or  gas  cavity,  the  cavitating 
object  loses  the  main  advantage  of  motion  in  fluid 
(the  Archimedean  buoyancy  force)  and  needs  dy¬ 
namic  means  of  its  weigh  maintenance  inside  the 
cavity  [14]. 

The  classical  condition  of  the  object  motion  stabil¬ 
ity  in  continuous  medium  (location  of  the  object 
mass  center  ahead  of  center  of  external  force  appli¬ 
cation)  is  violated  by  the  most  adverse  way  in  the 
supercavitating  flow  scheme;  the  center  of  external 
hydrodynamic  force  application  is  on  the  extreme 
forward  point  of  the  object  far  ahead  of  the  mass 
center  (Fig.  2).  Moving  in  the  cavity  with  subsonic 
velocity  relatively  to  water  (  14  =  1430  m/s  ),  the 
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object  executes  the  supersonic  {V  =  A  M)  motion 
relatively  to  the  steam  filling  the  cavib;  as  at  height 
34  km  above  the  sea  level. 

We  should  note  that  the  problem  on  cavity  closure 
including  the  cases  of  closure  on  the  object  body 
is  a  big  independent  theme  having  applications  in 
realization  of  artificial  supercavities  and  touching 
the  problem  of  further  drag  reduction  to  values  less 
than  Xc  . 

It  is  possible  with  account  of  mentioned  features 
of  the  supercavitating  flow  scheme  to  generalize 
that  the  realization  of  supercavitation  flow  scheme 
is  possible  only  at  successful  solving  the  problem  of 
maintenance  of  object  motion  stability  in  the  cav¬ 
ity.  Therefore,  the  spherical  body  was  more  often 
used  in  the  experiments  on  water  entry  of  bodies 
and  formation  of  cavities  [12,  14].  The  cavity  covers 
only  the  body  part  for  the  scheme  of  flow  around 
moving  objects,  and  the  tail  part  was  wetted  to  save 
the  object  motion  stability  (see  Fig.  1.  a).  Blades 
of  ship  screws  and  pumps  are  the  most  widespread 
object  of  supercavitation  in  engineering. 

The  supercavity  gives  the  perfect  possibility  to  pro¬ 
tect  the  part  of  design  located  in  the  cavity  from 
contact  with  water.  This  phenomenon  is  basis  of 
creation  of  a  new  class  of  two-medium  foils  of  wings 
and  blades  intended  to  use  in  alternate  mediums 
(water  —  air).  The  special  shape  of  the  foil  [11] 
promotes  the  supercavity  formation  and  the  foil 
protection  against  overloads  on  the  lift  (side  force) 
in  water.  Such  foil  permits  the  constant  lift  to  save 
at  change  of  the  medium  water  —  air  (Fig.  3). 

To  calculate  two-medium  foils  we  have  developed 
the  special  computer  program  enabling  to  design 
the  foil  with  given  characteristics  and  to  determine 
the  range  of  allowable  angles  of  attack  in  the  su¬ 
percavity. 


the  absolute  coordinate  system.  This  permits  the 
shape  and  dimensions  of  the  stationary  cavity  to 
determine  according  to  the  principle  of  indepen¬ 
dence  of  the  cavity  section  expansion  [4]  at  cavita¬ 
tion  number  value  corresponding  to  instant  velocity 
of  passing  by  cavitator  through  given  section. 

Froude  number  Fr  =  Vb/\/25i2„  was  varying  in 
range  3  •  10“^ . . .  10^  in  the  experiment.  Then  the 
disturbed  influence  of  gravity  force  field  on  their 
shape  are  absent  in  spite  of  large  aspect  ratio  of 
the  cavity  A  =  Lc/Rc  =  90-7-  200.  Mach  number  M 
=  Vb/a,  where  a  =  1430  m/s  is  the  sound  velocity 
in  water,  was  varying  in  range  0.3  -  0.93. 

Researches  have  shown  that  the  stable  and  steady 
vapor  cavities  with  clearly  discernible  boundaries 
along  their  length  are  formed  behind  the  models 
with  disk  cavitator  for  mentioned  ranges  of  num¬ 
bers  M,  Fr,  a.  The  contour  of  registered  supercav¬ 
ities  remains  close  to  ellipsoidal  calculated  by  uni¬ 
versal  law  of  expansion  of  the  cavity  section  of  [3] 
at  neglect  of  the  cavitator  dimension. 


where  A  =  Lc./Rc,  x  =  Vot;  Lc  is  the  cavity  half- 
length;  t  is  the  time;  Vo  is  the  motion  velocity.  It  is 
shown  by  curve  line  in  Fig.  5.  The  contour  of  the 
frontal  part  of  the  slender  cavity  can  be  determined 
by  asymptotic  law  of  free  streamline  expansion  [3] 
at  M  =  0: 


R^  =  2^/Cro{M) 


In  In  X 
41nx 


+  •■■  (3) 


The  main  dimensions  of  the  supercavity  (the  mid¬ 
section  radius  R^,  the  half-length  Lc,  the  aspect 
ratio  A  =  Lc/Rc)  can  be  calculated  with  precision 
2  -  4  %  by  asymptotic  formulae 


3.  SUPERCAVITY  SHAPE 

The  supercavity  parameters  in  the  velocity  ranges 
up  to  1360  m/s  were  investigated  at  the  IHM  UNAS 
on  the  special  launching  tank  with  length  35  m  and 
section  2.2  x  2.2  m  [7].  Models  were  started  due 
to  the  gas  catapult,  where  the  energy  of  burning 
the  electrolysis  gas  was  used  according  to  known 
reaction  of  the  compound  of  hydrogen  with  oxygen 
2H2  -b  O2  =  2H2O  -f  136.6  Kkal.  The  parameters 
of  cavitating  flow  were  registered  by  a  high-speed 
camera. 

The  supercavity  shape  for  the  model  having  a  conic 
shape  and  a  disk  cavitator  [1,  3]  is  shown  in  Figs. 
4  and  5.  The  photo  of  cavity  is  obtained  by  splice 
of  consecutive  frames  made  through  the  window  of 
the  launching  tank.  The  obtained  cinegrams  give 
picture  of  evolution  of  the  cavity  section  fixed  in 


4.  INFLUENCE  OF  WATER  COMPRESS¬ 
IBILITY 

4.1.  Accounts  of  compressibility  influence 
in  frameworks  of  linear  theory  (  Prandtl  - 
Glauert  analogy) 

The  flow  potential  of  an  ideal  compressible  fluid 
satisfies  equation  [15,  16]: 

+  ipyy  +  <Pcc  =  0, 


(5) 
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where  S  =  \/l  —  M'^ ,  at  precision  accepted  by  the 
theory  of  small  perturbations. 

The  transformation  of  coordinates: 

a:  =  /?<?;  y-m  z  =  C  (6) 

transfers  the  Eq.  (5)  into  Laplace  equation 

+  9vn  +  Va<c  =  0  (7) 

Therefore,  the  transformation  (6)  establishes  the 
conformity  between  a  compressible  fluid  flow  in 
space  X,  y,  z  and  some  flow  of  an  incompressible 
fluid  in  space  77,  (^. 

Thus,  the  cross  dimensions  of  bodies  and  velocity 
perturbations  (py  and  are  saved.  The  longitudi¬ 
nal  dimensions  of  bodies  are  increased  proportion¬ 
ally  to  ^ . 

Ko  = 


(8) 


Thus,  we  obtain  the  following  sequence  of  the  cal¬ 
culation: 

-  the  angle  6'  =  (5/3  is  determined; 

-  the  number  of  cavitation  (x'  =  is  determined; 

-  dimensions  of  bogus  cavity  R'^  and  L'  are  calcu¬ 
lated; 

-  the  dimensions  of  the  cavity  to  be  calculated  Rc  = 
R'^]  Lc  =  Lc/3  are  determined. 

The  radius  of  the  bogus  cavity  is  calculated  by  for¬ 
mula  _ 


R'  =  Rn 


Q(1  +  <^0 

ka' 


where  CL  is  the  drag  coefficient  of  a  cone  with  angle 
at  top  25'. 


LL  = 

The  results  of  calculations  are  shown  in  Fig  6.  It  is 
seen  that  in  frameworks  of  given  theory  the  com¬ 
pressibility  account  results  in  increase  of  the  cavity 
dimensions. 


4.2.  Applications  of  the  theory  of  slender 
body 

The  question  about  compressibility  influence  on  a 
cavity  shape  at  subsonic  and  supersonic  velocities 
is  considered  in  [9, 13,  17].  These  works  use  asymp¬ 
totic  methods  of  slender  body  theory. 

A. D. Vasin  has  delivered  the  simple  relations  en¬ 
abling  to  calculate  the  cavity  shape  and  dimensions 
at  subsonic  and  supersonic  velocities,  if  the  cavita- 
tor  drag  is  known  at  given  Mach  number. 

For  subsonic  velocities  they  are 


(9) 


and 

{(1  -  2)2)4- 

^  x2ln4-ln  [(l-t-x)(^+=')(l 

4.  __ 


(10) 


where  a  is  the  cavitation  number; 
A  =  ^  is  the  cavity  aspect  ratio; 


e  is  a  basis  of  natural  logarithms; 

X  is  a  distance  from  the  cavity  mid-section  with 

respect  to  its  half-length 

For  supersonic  velocities  they  are: 


a  — 


Ai  ^ 

A2  “  _  I 


jR^(x)  =  {(1  -  x^)4- 

x2  In  4ln  [(1  +  x)(^'-*-2)(l  -  x)(*-=^")] 

2hrA 

Thus,  the  compressibility  influence  is  displayed  in 
changing  the  cavitator  drag  and  the  cavity  aspect 
ratio. 

In  a  compressible  fluid  the  cavity  frontal  part  is 
seen  to  be  more  slender  than  in  an  incSmpressible 
fluid.  The  main  contribution  into  change  of  dimen¬ 
sions  and  form  of  a  cavity  introduces  The  change 
of  Cxo  of  the  cavitator  has  main  eflfect  on  change 
of  the  cavity  shape  and  dimensions. 

In  a  compressible  fluid  the  cavity  has  the  same 
greatest  diameter  at  the  same  of  the  cavita¬ 
tor,  but  it  longer  than  in  an  incompressible  fluid. 
Therefore,  its  frontal  part  is  more  slender  (Fig.  6). 


These  calculations  have  shown  that  in  an  incom¬ 
pressible  fluid  the  cavity  dimensions  can  be  more 
than  in  an  incompressible  fluid.  The  cavity  radius 
increases  due  to  increase  of  the  cavitator  drag.  The 
cavity  aspect  ratio  grows,  if  number  M  is  more  than 
^/2. 

This  conclusion  is  not  agreed  with  results  of  di¬ 
rect  calculations  adduced  in  [18]:  there  the  cav¬ 
ity  frontal  part  radius  considerably  decreases  at  in¬ 
crease  of  M. 

The  calculation  results  by  various  approximate  the¬ 
ories  are  not  always  agreed  among  themselves  and 
with  results  obtained  by  numerical  solving  total 
equations  of  the  compressible  fluid  motion.  The 
reliable  data  about  cavitation  drag  of  bodies  are 
absent  at  subsonic  and  supersonic  velocities. 

Thus,  the  compressibility  influence  on  the  cavity 
shape  and  dimensions  is  investigated  insufficiently. 


^  [A/(v/e  \/l-M-)] 
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This  influence  cannot  be  considerable  owing  to 
small  water  compressibility  and  small  values  of  in¬ 
duced  velocities  on  the  cavity  surface. 

4.3.  Next  approach  for  supercavity  shape 

However,  existing  theories  do  not  take  considera¬ 
tions  low  water  strength  due  to  action  of  tension 
forces.  Appearance  of  the  water  discontinuities  in 
zones  of  negative  pressure  near  the  cavitator  and 
fluid  layer  separations  near  the  cavity  surface  are 
really  possible. 

The  pressure  and  velocity  fields  past  the  supercav- 
iting  w-edge  in  compressible  fluid  were  calculated 
by  Godunov  method  at  the  IHM.  We  supposed  the 
flow  separation  in  points  of  the  flow,  where  the  lo¬ 
cal  pressure  is  p  <  0.  As  a  result  of  calculation 
of  secondary  cavitating  process  we  obtained  thin 
layer  of  separated  fluid  moving  to  the  center  of  su¬ 
percavity  past  the  wedge.  The  line  2  of  Fig.  6  is 
typical  shape  of  this  separated  layer  in  supercavity 
that  very  confines  the  useful  volume  of  supercavity. 


From  practical  point  of  view  the  search  of  exact 
value  of  the  cavity  boundaries  has  the  limit,  which 
is  determined  by  natural  destruction  of  the  free 
boundary.  We  should  refer  to  natural  perturba¬ 
tions  of  the  cavity  boundary  first  of  all  the  per¬ 
turbations  obtained  at  flow  around  the  cavitator 
due  to  the  secondary  cavitation  and  hydrodynamic 
perturbations  in  the  boundary  layer. 

It  is  possible  to  refer  to  natural  perturbations  also 
the  presence  of  gas  boundary  layer  in  the  clearance 
between  the  object  body  and  the  free  boundary  of 
the  cavity,  ’’ebullition”  of  the  free  boundary  owing 
to  nonequilibrum  processes  of  evaporation  from  the 
fluid  surface. 

Investigations  of  the  spray  drag  carried  out  in  the 
laboratories  of  the  IHM  UNAS  have  shown  that 
notwithstanding  the  small  spray  concentration  in 
the  wall  layer  Cp  ^  10^,  the  hydrodynamic  drag 
coefficient  Cr  can  have  the  same  order  as  the  drag 
coefficient  at  continuous  flow  [10].  Thus,  the  film 
thickness  zq  of  fluid  on  the  wall  can  be  comparable 
with  thickness  5**  of  the  turbulent  boundary  layer 

=  27.8  CipRe?;^tga  .  (11) 


5.  SUPERCAVITY  CONTROL 

It  is  convenient  to  control  the  cavity  by  varying 
the  value  of  gas-supply  to  the  cavity  [4]  for  artifi¬ 
cial  cavitation  regimes  at  varying  the  body  motion 
depth  and  velocity. 


In  the  region  of  considerable  influence  of  gravity 
the  formula  for  supply  value  has  the  form  [4] 


0.27 

crfcr^Fr^  —  2] 


(13) 


In  the  region  of  regimes  close  to  vapor  ones  the 
structure  of  the  dependence  (12)  changes: 


Q  =  A:U5(^-l).  (14) 

The  control  of  supply  in  the  artificial  cavitation 
regime  is  restricted  by  values  amin  =  dDdV^  and 
occurrence  of  vapor  cavitation  at 


O'  <  cr„ 


2[P-P,) 

pV^ 


(15) 


In  the  vapor  cavitation  regime  it  is  possible  to  con¬ 
trol  the  cavity  by  varying  the  cavitator  drag  C^o 
according  to  dependencies 


_  .  /C'io(l  ■+•  t’’) 


kcr 


,Lr  = 


Ci;o(l  +  (r)ln  i  . 

(16) 


The  cavity  control  at  use  of  cavitator  with  channel 
[8]  is  possible  also  to  be  realized  by  varying  the 
fluid  rate  through  the  cavitator. 


The  dependence  of  the  cavity  part  length  formed 
by  jet  on  the  velocity  of  jet  directed  against  the 
flow  is  submitted  in  Fig.  7.  A  supercavity  formed 
by  w^ater  jet  in  working  part  of  the  hydrodynamic 
tunnel  designed  at  the  IHM  UNAS  is  presented  in 
Fig.  8.  We  note  that  the  cavity  separation  from  the 
nozzle  does  not  correspond  to  the  scheme  of  jet  col¬ 
lision  against  the  critical  point,  where  pV^  =  pVo- 
Vo  =  0.75140  according  to  the  experiments.  This 
corresponds  to  the  scheme  of  jet  collision  with  for¬ 
mation  of  critical  region  without  points  of  braking. 
Thus,  Vo  is  close  to  the  value  determined  from  ratio 
pV^  =  2pVo^-,  Uo  =  0.70514o. 


The  cavity  boundary  shape  calculated  by  computer 
program  CAVAR  is  submitted  in  Fig.  9.  The  pro¬ 
gram  permits  the  axisymmetric  cavity  shape  for 
the  body  with  channel  to  calculate  in  dependence 
on  the  fluid  rate  through  the  channel  [8]. 


6.  MOTION  OF  BODIES  IN  SUPERCAV- 
ITATING  FLOW  REGIME 


Thus,  the  body  locating  in  the  cavity  can  suffer  not 
only  the  hydrodynamic  force  applied  to  the  cavita¬ 
tor  and  also  aerodynamic  and  spray  forces  of  in¬ 
teraction  with  vapor  filling  the  cavity  and  sprays 
near  the  cavity  boundary.  Equations  of  the  body 
motion  in  the  cavity  in  the  general  case  have  the 
form 


m 


dl4 

dt 


-h  WyV^  -  WzVy  = 


g=:j^  =  F(a,Fr,Re,m)  .  (12) 


=  {Cry Sc  +  CrpSp  -h  C^Ss) 
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+Cii' 


PvV~ 

2 


SsuJ 


m 


+  W;,Vx 


=  (C,5c  +  CypS,  +  a, 5,) 

4-r' 

‘'~^yv  f)  ‘Jju/  j 


T/  r.  , 

m  1  +  u;kVj,  ~  WyVx  ]  = 


=  (Q5.  +  Sp  +  as,) 

'  ^2/^  r)  /  J 


4“^  +  -  4)  = 


—  {CmScLc  +  CmpSpLp  -f  CmsS,L 


pV^  , 


■  ^  ppV\ 

~i  ^my  2  •^suf^-'suf 


(17) 


-‘x)  ” 


"f"  C^mp'S'pi/p  +  C^ms'S's't's)  — - 1" 


+  r  7 

I  '-^my  2  ^suf-^suf  • 

Here  14 ,  and  Wx ,  Wy ,  w,  —  are  projections 

of  the  velocity  V  and  the  angular  velocity  w  onto 
the  axes  of  the  connected  system  of  coordinates 
X,Y,Z]  Ix,Iy)h  are  the  moments  of  inertia  about 
corresponding  axes;  and  indexes  ”v”,  ”s”,  ”p”  re¬ 
fer  respectively  to  parameters  of  vapor,  spray  and 
planning  interactions. 


Using  these  equations,  we  have  worked  out  the  pro¬ 
gram  STABILITY  for  computer  simulation  of  the 
supercavitating  body  dynamics.  This  program  al¬ 
lows  the  motion  stability  to  investigate  at  given 
model  shape,  its  mass,  the  initial  motion  condi¬ 
tions  and  also  under  action  of  external  perturba¬ 
tions.  The  software  STABILITY  consists  of  the 
following  program  modules: 

’Tnputdata”  is  the  module  of  interactive  input  of 
model  shape  and  initial  parameters  of  motion; 
’’Dynamic”  is  the  module  of  integration  of  a  sys¬ 
tem  of  ordinary  differential  equations  with  respect 
to  coordinates,  velocity  components,  the  angular 
velocity  and  pitch  angle  of  the  model  [12]; 


’’Cavity”  is  the  module  to  compute  current  cavity 
shape; 

’’Force”  is  the  module  to  calculate  forces  of  vapor, 
spray  and  planing  interactions  acting  to  the  model; 
’’Plot”  is  the  module  to  plot  on  the  PC-screen  cur¬ 
rent  location  of  the  model,  cavity  boundaries,  as 
well  as  graphs' of  varying  parameters  with  respect 
to  time. 

The  software  STABILITY  permits  due  to  computer 
experiment  the  model  motion  stability  to  check  un¬ 
der  effect  of  various  perturbations.  The  fragment 
of  PC  screen  copy  during  work  of  program  STA¬ 
BILITY  on  simulation  of  influence  of  sine  wave  os¬ 
cillations  of  the  body  of  revolution  in  the  cavity  on 
its  boundary  shape  is  shown  in  Fig.  13. 

The  result  of  numerical  simulation  of  influence 
of  the  external  pressure  impulse  on  supercavity 
boundary  shape  is  submitted  in  Fig.  14. 

The  complexity  of  the  body  dynamics  calculation 
in  the  cavity  consists  that  the  coefflcients  of  hy¬ 
drodynamic,  aerodynamic  and  spray  forces  should 
be  defined  previously  for  a  particular  body  and  a 
cavity.  Thereto  all  the  coefficients  of  forces  and 
moments  (except  for  forces  on  the  cavitator)  are 
lag  time  functions  with  respect  to  the  instant  an¬ 
gle  of  the  object  deviation.  The  value  of  delay  is 
determined  by  velocity  of  perturbation  distribution 
along  the  cavity  Voo  and  distance  L  from  the  cavi¬ 
tator  to  location  of  their  effects  on  the  object  body: 
is  =  L/V. 


Nevertheless,  we  have  proved  experimentally  that 
the  stable  motion  of  supercavitating  models  is  pos¬ 
sible  with  all  velocities  from  ~  70  m/s  up  to  the 
sound  velocity  in  water  a  =  1460  m/s  [1].  The 
analysis  has  shown  that  the  four  different  mech¬ 
anisms  of  motion  stabilization  sequentially  act  at 
the  motion  velocity  increase. 

6.1.  Two-cavity  flow  scheme  (Fig.  10a),  V  ~ 
70  m/s. 

In  this  case  the  hydrodynamic  drag  center  is  placed 
behind  the  mass  center,  and  stabilizing  moment  of 
the  force  L-z  acts  to  the  model.  It  means  that  the 
classical  condition  of  the  motion  stability  is  ful¬ 
filled. 

6.2.  Stationary  hydroplaning  along  the  cav¬ 
ity  internal  surface  (Fig.  10b),  V  ~  50-^200 
m/s. 

In  this  case  the  model  tail  hydroplanes  along  the 
lower  internal  cavity  surface  to  compensate  the 
buoyancy  losses.  As  a  result  the  motion  is  also  sta¬ 
ble  as  a  whole,  but  the  low-frequency  oscillations 
of  the  model  in  the  vertical  plane  and  stability  loss 
are  possible.  The  finite  velocity  of  the  perturbation 
spreading  from  cavitator  along  the  cavity  boundary 
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is  the  cause  of  that. 

6.3.  Impact  interaction  with  cavity  bound¬ 
aries  (Fig.  10c),  V  ~  300 900  m/s. 

The  initial  perturbations  of  the  model  attack  angle 
and  its  angular  velocity  cause  to  the  impact  of  the 
model  tail  against  the  internal  boundary  of  super¬ 
cavity.  The  numerical  simulation  has  shown  that 
the  model  can  perform  steady  or  damped  oscilla¬ 
tion  after  this  impact.  These  oscillations  are  ac¬ 
companied  by  periodic  impacts  of  the  model  tail  al¬ 
ternately  against  the  upper  and  lower  cavity  walls. 
Then  the  motion  can  remain  stable  as  a  whole. 

An  example  of  calculated  dependence  of  the  model 
pitch  angle  ^  and  the  vertical  component  of  the 
inertia  center  velocity  of  the  body  Vyg  on  the  di¬ 
mensionless  path  s  is  presented  in  Fig.  11a.  The 
frame  of  the  experimental  cinegram  is  shown  in  Fig. 

12.  It  demonstrates  the  cavity  disturbed  shape  at 
motion  of  similar  type  (the  model  moves  from  right 
to  left,  V  —  890  m/s).  Three-dimensional  spiral  os¬ 
cillation  of  the  model  in  the  cavity  about  its  mass 
center  is  possible  as  well. 

6.4.  Aerodynamic  interaction  with  vapor- 
spray  medium  of  cavity  (Fig.  lOd),  V  ~  1000 
m/s  and  higher. 

The  aerodynamic  forces  due  to  the  model  interac¬ 
tion  with  vapor  filling  the  cavity  and  spray  stream 
near  the  cavity  boundaries  affect  on  the  body  mo¬ 
tion  with  very  high  velocities.  The  clearance  be¬ 
tween  the  body  surface  and  the  cavity  boundary  is 
usually  small  compared  to  the  cavity  radius.  That 
is  why,  we  use  the  known  methods  of  near-wall 
aerodynamics  to  estimate  arising  forces.  The  anal¬ 
ysis  testifies  to  favourable  influence  of  the  internal 
cavity  boundaries  on  the  body  motion  stability. 

6.5.  Statically  stable  cavitators. 

We  have  shown  theoretically  that  the  model  self¬ 
stabilization  in  a  supercavity  is  possible  due  to  the 
specially  so  called  statically  stable  shape  of  the  cav- 
itator[19].  Fig.  15  demonstrates  a  stable  region  for 
concave  wedges  having  a  semiangle  /3  >  90°.  Con¬ 
cave  wedges  belong  to  the  self-stabilizing  cavitators 
because 

&  >  tana  for  /?  >  90°. 

It  means  that  the  returning  momentum  M  appears 
every  time  at  a  ^  0  and  tends  to  turn  the  cavitator 
back  to  the  initial  position,  when  a  =  0.  This 
stabilization  mechanism  can  be  effective  at  small 
initial  perturbations  of  the  model  motion  (see  Fig. 
lib). 
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Fig.  1.  Schemes  of  supercavitating  flow  around  bodies:  a  —  with  partial  wash  off  the 
body  ;  h  —  with  nose  cavitator  and  free  location  of  a  body  in  a  cavity;  c  —  with  jet 
cavitator  without  contact  points  of  a  body  and  a  free  cavity  boundary. 


a 


Fig.  2.  Action  of  forces  to  a  body  of  revolution:  a  a  regime  of  continuous  flow  with 
formation  of  the  stabilizing  moment  =  LW  sin  a]  b  &  regime  of  cavitating  flow  with 

formation  of  destabilizing  moment  =  LW  sin  a. 
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Fig.  3.  Scheme  of  flow  around  a  two-medium  wing  [11]  in  supercavitating  regime; 
Pxc.  Pyc  a.re  components  of  the  hydrodynamic  force  vector;  Py  are  components  of  the 

aerodynamic  force  vector. 


Fig.  4.  Photograph  of  supercavity  past  a  model  having  cone  shape  with  disk  cavitator: 
V  =  1000  m/s;  Lc  =12  m;  —  3  mm;  o  =  10“*. 


Fig.  5.  An  elliptic  cavity  shape:  experimental  points  at  cr  =  10  Fr  =  =  lO”*  -f-  10^, 
M  =  0.3  -r-  0.93;  a  curve  is  the  asymptotic  contour  of  jet  spreading  [3]. 


1.0_ 


1  -  Compressibie  fluid;  cone  characteristics  were  recalculated 

by  Prandtl  Glauert  law; 

2  -  Boundary  of  separated  layer  due  to  tension  force  appearance 

3  -  incompressible  fluid. 


Fig.  6 
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1.1 


V  =  V,  /  V 


Fig.  7.  Experimental  dependence  of  the  jet  part  length  of  a  cavity  Lj  on  jet  velocity 
y  =  Xo  =  0  at  Vj  =  Vo  =  0.75Voo. 


Fig.  8.  Supercavity  formed  by  water  jet  coming  from  the  opposite  direction. 


Fig.  9.  Cavity  shape  formed  by  jet  cavitator  for  two  values  of  the  rate  W . 


Fig.  10 
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Fig.  11 


Fig.  12 
r/L 
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0  0.2  0.4  -  0.6  0.8  1.0  X/L 

Fig.  13.  Result  of  numerical  simulation  of  influence  of  sine  oscillations  on  a  cavity  shape. 


X  /  R„  =  73.000  1  V„  /  R,  =  89.707 


I  I 

!  I 
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X  /  R„  80  60  40  20  0 

Fig.  14.  Result  of  numerical  simulation  of  influence  of  the  external  pressure  impulse  on 
a  cavity  boundary  shape,  current  coordinates  xJRn  =  73.0,  tVojRn  =  89.707. 
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In  the  beginning  I  notice  basic  results  obtained  in 
the  theory  of  supercavities  in  compressible  fluid, 
then  I  notice  the  features  of  supersonic  flow. 

Since  1980  in  the  USSR  interest  has  arisen  to  super¬ 
cavities  in  compressible  fluid.  On  the  basis  of  the 
slender  body  theory  works  have  been  made,  these 
are  Yakimov’s  works  [1,  2],  mine  [3,  4]  and  Sere¬ 
bryakov’s  works  [5,  6].  On  the  basis  of  the  early  nu¬ 
merical  method  Al’ev  [7]  has  calculated  cavity  past 
a  thin  cone.  The  recent  development  of  numerical 
methods  and  the  widespread  use  of  computers  has 
made  it  possible  to  calculate  compressible  cavita¬ 
tion  flows  efficiently.  It  should  be  noted  works  have 
been  made  recently:  Kiselev’s  [8]  and  mine  [9,  10]. 

Now  I  stop  on  some  my  results.  On  the  basis  of  the 
slender  body  theory  axisymmetric  supercavities  in 
subsonic  and  supersonic  flow  of  compressible  fluid 
have  been  considered  [3,  4].  Riabouchinsky  scheme 
was  applied  and  the  condition  that  the  cavitator 
is  very  small  in  comparison  with  the  cavity  was 
used.  The  cavity  shape  was  defined  and  the  rela¬ 
tionship  between  the  cavity  aspect  ratio  and  the 
cavitation  and  Mach  numbers  was  derived.  Basic 
result  concludes  that  an  ellipsoid  of  revolution  is 
the  first  approximation  of  cavity  shape  (how  in  the 
incompressible  fluid).  However,  application  of  the 
slender  body  theory  to  the  supersonic  cavitation 
flows  has  some  features.  I’ll  speak  about  that  be¬ 
low.  It  should  be  noted  that  for  blunt  cavitators, 
such  as  a  disk,  a  blunt  cone,  slender  body  theory 
gives  no  way  of  obtaining  the  complete  data  for  the 
cavitation  flow,  for  example,  the  cavity  shape  im¬ 
mediately  downstream  of  the  cavitator  and  the  cav¬ 
itation  drag.  Moreover,  the  linear  equation  for  the 
potential  of  compressible  fluid  flow  past  slender  ax¬ 
isymmetric  bodies  is  inapplicable  on  the  transonic 
velocity  range. 

I  have  designed  a  numerical  method  of  calculat¬ 
ing  compressible  subsonic  and  supersonic  flow  over 
a  wide  range  of  cavitation  numbers.  Scheme  of 
method  is  shown  in  Fig.  1.  As  the  main  equation 


we  use  the  equation  of  continuity.  We  take  the  den¬ 
sity  -  velocity  relationship  from  Bernoulli  equation. 
Riabouchinsky  scheme  was  applied,  in  this  scheme 
the  cavity  is  closed  by  a  disk  of  the  same  dimensions 
as  the  cavitator  disk.  In  view  of  the  flow  symmetry, 
we  will  examine  the  flow  in  a  meridional  plane.  The 
problem  consists  in  determining  the  shape  of  the 
boundary  M N  satisfying  the  constant  velocity  and 
impermeability  conditions  for  a  given  cavity  length 
Lk  (Fig.  1,  where  AM  is  the  cavitator  disk,  NB  in 
the  closing  disk,  CFED  is  the  external  boundary). 

We  assume  the  flow  to  be  potential.  In  the  case 
of  supersonic  flow  the  shock  waves  appear,  line  1  is 
the  head  shock  wave  arising  in  front  of  the  disk,  line 
2  is  the  back  shock  wave  going  away  from  the  edge 
of  closing  disk.  However,  the  appearance  of  shock 
waves  does  not  break  the  condition  that  the  flow  is 
potential.  In  water  over  a  wide  range  of  pressures 
a  shock  adiabat  agrees  with  static  one,  expressing 
by  Tate  equation.  The  analysis  has  shown  that  we 
can  assume  the  shock  waves  as  isentropic  and  the 
flow  as  potential  when  Mach  numbers  are  less  than 
2.2. 

We  apply  a  finite-difference  method  to  solve  conti¬ 
nuity  equation.  To  make  the  formulation  of  the 
boundary  conditions  at  the  cavity  surface  more 
convenient,  it  makes  sense  to  map  the  computa¬ 
tional  domain  onto  a  unit  square  in  ^,t]  coordi¬ 
nates.  As  distinct  from  the  subsonic  flow  we  ap¬ 
ply  the  artificial  viscosity  in  order  to  the  difference 
scheme  will  be  stable  in  the  supersonic  area.  The 
artificial  viscosity  is  introduced  as  modification  of 
density  expression. 

The  nonlinear  system  of  equations,  obtained  as  a 
result  of  the  discretization,  was  solved  using  the 
iteration  method  with  approximate  factorization. 
Before  proceeding  to  the  calculations,  the  first 
approximation  for  the  cavity  shape  between  the 
points  M  and  N  was  preassigned  and  the  compu¬ 
tational  network  corresponding  to  the  given  cavity 
was  constructed  in  the  x,  r  plane  using  an  algebraic 
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mapping  technique.  The  velocity  Vk  on  the  cavity 
surface  was  determined  in  each  iteration  stage  us¬ 
ing  the  values  of  potential  $jv,  at  the  points  N 
and  M,  Sn  is  the  arclength  between  these  points. 
The  iteration  procedure  turned  out  to  be  conver¬ 
gent;  the  discrepancy  diminished  and  the  potential 
increment  vanished  as  the  number  of  iteration  cy¬ 
cles  increased.  However,  in  general,  the  solution 
thus  obtained  did  not  satisfy  the  impermeability 
condition  on  the  cavity  surface.  The  cavity  shape 
was  varied  using  the  differential  equations  which 
corresponding  the  condition  of  equality  of  the  nor¬ 
mal  velocity  d^/dn  to  zero.  For  the  subsonic  flow 
the  first  order  differential  equation  was  used,  for 
the  supersonic  flow  the  second  order  one  was  used. 
The  cavity  shape  thus  obtained  satisfied  both  the 
constant  velocity  condition  and  the  impermeability 
condition. 

Calculation  of  supercavities  downstream  of  a  disk 
within  the  range  of  Mach  numbers  0  <  M  <  1.4  has 
been  performed.  The  numerical  analysis  was  per¬ 
formed  for  cavity  constant  length,  corresponding  to 
cavitation  number  0.02  for  incompressible  fluid.  As 
a  result  of  the  analysis  for  different  Mach  numbers, 
the  following  was  defined:  cavitation  number,  cavi¬ 
tation  drag  ratio,  mid-section  radius,  cavity  shape, 
distance  of  shock  wave  from  a  disk  (for  supersonic 
flow). 

Let  us  consider  the  basic  results.  For  the  subsonic 
flow  the  cavity  shape  in  the  vicinity  of  the  disk 
is  shown  in  Fig.  2.  The  continuous  curve  repre¬ 
sents  the  Guzevsky’s  calculations  [11]  for  incom¬ 
pressible  fluid  (M  =  0).  My  results  are  shown  by 
points  for  the  different  Mach  numbers.  In  Fig.  3  we 
compare  the  cavity  profiles  in  compressible  and  in¬ 
compressible  fluids  for  the  same  cavitation  number 
(T  =  0.0235.  The  continuous  curve  corresponds  to 
the  cavity  profile  in  a  compressible  fluid  calculated 
by  the  numerical  method  for  M  =  0.8;  dotted  line 
curve  corresponds  to  the  cavity  in  an  incompress¬ 
ible  fluid  calculated  by  Logvinovich’s  formula  [12]. 
For  the  subsonic  flow  the  numerical  results  agree 
well  with  my  results  of  slender  body  theory  [3] . 

For  the  supersonic  flow  the  cavity  shape  in  the 
vicinity  of  the  disk  is  shown  in  Fig.  4.  It  can  be  seen 
that  for  the  supersonic  flow  the  cavity  in  the  initial 
region  is  narrower  than  for  the  incompressible  flow. 
I’ll  speak  about  reason  of  this  effect  below.  In  Fig. 
5  we  compare  the  cavity  profile  in  the  supersonic 
flow  and  incompressible  fluid  for  the  same  cavita¬ 
tion  number  a  —  0.0308.  The  continuous  curve  cor¬ 
responds  to  the  cavity  profile  in  a  compressible  fluid 
calculated  by  the  numerical  method  for  M  —  1.2; 
dotted  line  curve  corresponds  to  the  cavity  in  an 
incompressible  fluid.  The  positions  of  head  shock 
wave  and  the  sound  line  (on  which  M  —  0)  were  de¬ 
fined  in  the  numerical  calculation.  As  an  example. 


in  Fig.  6  the  position  of  head  shock  wave  is  shown 
for  Mach  number  equal  1.1.  Line  1  corresponds 
to  the  head  shock  wave;  line  2  corresponds  to  the 
sound  line;  line  3  corresponds  to  the  profile  of  head 
part  of  the  cavity.  Mac/i-number-dependence  of  the 
cavitation  drag  coefficient  of  the  disk  is  shown  side 
by  side. 

It  should  be  noted  that  the  results  of  the  numeri¬ 
cal  calculation  were  checked  on  the  satisfaction  of 
the  mass  and  impulse  conservation  laws.  The  test 
showed  a  good  accordance.  For  the  supersonic  flow 
the  cavity  shape  defined  by  the  numerical  calcula¬ 
tion  is  close  to  an  ellipsoid  of  revolution.  It  agrees 
to  my  results  of  slender  body  theory  [4].  However, 
results  of  nonsymmetry  of  shape  (mid-section  dis¬ 
placement  relatively  middle  of  cavity)  do  not  agree. 
Probably  the  slender  body  theory  is  not  applicable 
to  the  second  approximation  for  the  cavity  shape. 
Really,  the  first  approximation  (ellipsoid  of  revo¬ 
lution)  is  not  the  slender  body  in  the  head  part, 
where  the  shock  wave  arises.  The  shock  wave  is  not 
described  by  the  small  disturbance  theory.  This  is 
the  first  feature  of  application  of  the  slender  body 
theory  to  the  supersonic  cavitation  flows,  which  I 
wish  to  note. 

Let  us  consider  axisymmetric  cavitation  flow  past 
the  thin  cones  in  compressible  fluid.  We  apply 
the  slender  body  theory  and  Riabouchinsky  scheme. 
We  can  deduce  an  integral-differential  equation  for 
the  cavity  profile.  We  can  solve  this  equation  us¬ 
ing  the  method  of  expansion  into  asymptotic  rows. 
For  the  cone  with  semiangle  equal  6°  results  of  so¬ 
lution  are  shown  in  Fig.  7.  Subsonic  flow  is  shown 
in  upper  picture,  supersonic  flow  is  shown  in  under 
picture.  Dotted  line  curve  corresponds  to  the  first 
approximation  for  the  cavity  shape,  the  continuous 
curve  corresponds  to  the  second  one.  It  can  be  seen 
that  the  slender  body  theory  is  applicable  for  the 
subsonic  flow,  as  the  second  members  of  asymp¬ 
totic  row  are  smaller  than  the  first  ones.  However, 
for  the  supersonic  flow  such  correlation  is  broken. 
The  second  approximation  essentially  differs  from 
the  first  one. 

The  analysis  of  this  effect  has  shown,  that  the  slen¬ 
der  body  theory  does  not  agree  the  flow  at  the  edge 
of  cone.  In  the  supersonic  flow  the  Prandtl-Meyer 
stream  arises  at  the  edge.  The  stream  must  turn 
away  by  the  angle  dependent  on  pressure  in  the 
cavity  or  cavitation  number.  The  incline  of  free 
stream  line  is  fewer  than  the  semiangle  of  cone.  It 
agrees  with  my  results  of  numerical  calculation  of 
cavity  past  a  disk,  which  have  shown  some  narrow¬ 
ing  of  cavity  in  the  head  part.  The  second  feature 
of  application  of  the  slender  body  theory  consists 
in  discrepancy  to  the  stream  at  the  edge  in  the  su¬ 
personic  flow. 


In  my  report  I  have  spoken  about  my  basic  results 
obtained  in  the  theory  of  supercavities  in  the  com¬ 
pressible  fluid.  Also  I  have  noted  some  features  of 
application  of  the  slender  body  theory  to  the  su¬ 
personic  cavitation  flows. 
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1.  SUMMARY 

A  mathematical  model  of  unsteady  axisymmetrical 
supercavity  and  an  algorithm  of  numerical  solution 
as  well  as  corresponding  computer  programs  are 
described.  Examples  of  computer  simulation  of  the 
unsteady  supercavitating  flows  are  presented. 

2.  INTRODUCTION 

The  unsteady  supercavitating  flows  are  distin¬ 
guished  by  complexity  of  physical  processes  and 
difficulty  of  mathematical  descriptions.  We  use  a 
complex  approach  to  investigate  these  flows.  It  is 
a  combination  of  the  physical  experiment  with  a 
high-speed  shooting  of  unsteady  cavities  and  their 
computer  simulation. 

We  solve  the  following  three  problems  by  computer 
simulation:  1)  test  of  hypothesis  about  actions  of 
various  physical  causes  on  the  unsteady  process; 

2)  more  precise  definition  of  both  the  mathematical 
model  of  the  process  and  the  calculation  algorithm; 

3)  statement  of  the  ’’computer  experiment”  with 
a  visualization  of  the  unsteady  process  on  a  PC- 
screen. 

The  computer  simulation  have  played  a  positive 
role  for  the  work  out  of  problems  on  the  high¬ 
speed  underwater  model  design  and  the  right  ar¬ 
rangement  of  the  water  entry.  As  a  result,  we  have 
attained  experimentally  the  speed  of  the  model  mo¬ 
tion  in  water  upwards  of  1300  m/s  [1]. 

3.  MATHEMATICAL  MODEL 

The  necessary  condition  for  a  development  of  pro¬ 
grams  for  computer  simulation  is  the  use  of  rather 
simple  mathematical  models  and  ’’fast”  computa¬ 
tion  algorithms.  We  use  the  approximate  equa¬ 
tion  of  the  expansion  of  axisymmetrical  cavity 
sections  based  on  the  independence  principle  by 
G.V.Logvinovich  [2,  3]  (in  dimensionless  form); 

= -y  [Poo(0 -Pc(^) +Pi(i)]  •  (1) 

Here,  x—l{t)  <  ^  <  a;,  S' is  the  area  of  the  section 
T  <t  is  time  of  the  section  ^  formation,  fcj  is 
the  empirical  constant,  is  the  cavity  pressure, 
Pi  is  the  external  water  pressure  perturbation,  x 


is  the  cavitator  coordinate,  I  is  the  cavity  length 
(see  Fig.l). 

The  Eq.  (1)  should  be  integrated  for  <  >  r  with 
initial  conditions: 


S(r,  r) 


4  ’ 


dSjr,  t) 
dt 


=  5(0), 


(2) 


where  Dn  is  the  cavitator  diameter,  5(0)  is  the  ini¬ 
tial  velocity  of  the  cavity  section  expansion,  which 
is  defined  by  the  cavitator  shape  and  the  instant 
model  velocity  V ,  but  does  not  depend  on  the  cav¬ 
itation  number.  We  choose  the  constant  ki  and 
S(t,t)  so  that  the  known  asymptotic  expressions  for 
both  the  cavity  mid-section  diameter  Dc  and  the 
cavity  length  by  P.R.Garabedian  [4]  are  fulfilled: 


(3) 

Here,  Cj,  is  the  cavitation  drag  coefficient,  a  = 
2(Poo-Pc)/pU2  is  the  cavitation  number.  We  have 
confirmed  experimentally  the  validity  of  asymp¬ 
totic  formulae  (3)  for  models  with  disc  cavitators, 
moving  with  velocities  300  1300  m/s  [1]. 


The  Eq.  (1)  describes  the  main  part  of  the  pro¬ 
late  cavity.  It  is  incorrect  for  the  upper  end  of 
cavity  part  with  a  length  of  several  cavitator  diam¬ 
eters.  We  set  the  shape  of  the  upper  end  of  cavity 
by  empirical  exponential  function  [2]  for  the  better 
correspondence  with  experiment: 


2R  /  6a;  N 


X 


2.  (4) 


The  cavity  shape  given  by  expressions  (1),  (4) 
should  be  matched  at  x  ^  Dn- 


The  independence  principle  of  the  expansion  of  ax¬ 
isymmetrical  cavity  sections  was  repeatedly  tested 
by  means  of  comparison  with  experiment.  It 
was  shown  that  the  approximate  equation  (1)  ad¬ 
equately  describes  the  unsteady  supercavitating 
processes  for  various  conditions.  We  have  made 
an  experiment  on  passing  of  supercavitating  model 
through  the  thin  steel  sheet  with  the  velocity  about 
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22-2 


900  m/s.  High-speed  shooting  shows  that  the  ob¬ 
stacle  does  not  influence  on  a  cavity  shape.  This 
result  gives  us  the  experimental  substantiation  of 
the  independence  principle  in  the  case  of  very  high¬ 
speed  motion. 

Besides  the  main  Eq.  (1),  the  mathematical  model 
can  include  the  mass  of  gas  in  the  cavity  balance 
equation  during  its  isothermal  expansion; 

Q{t)]  =  l3[qin-qout{t)]-  (5) 

Here,  l3  =  Eu  /  (Tq,  W{t)  =  a{t)  /  ao,  Eu  = 
2poo/pV^  is  the  Euler  number,  <to  is  the  initial 
cavitation  number,  Q  is  the  cavity  volume, 
and  qout{t)  are  the  based  on  free-stream  pressure 
volumetric  air-supply  rate  into  the  cavity  and  air- 
leakage  rate  from  the  cavity  (for  ventilated  cavi¬ 
ties). 


We  also  use  the  equation  of  supercavitating  body 
motion  on  inertia: 


dt 


1 


pTvDnC^O 

8ra 


+Patm  + 


2H{t) 

Fr^ 


-Pcit) 


Here,  Fr  —  V/^/gD^  is  the  Froude  number,  g  is 
the  gravity  acceleration,  m  is  the  body  mass,  c®o 
is  the  cavitation  drag  coefficient  at  a  =  0,  Patm 
is  the  atmospheric  pressure,  H  —  const  when  the 
motion  is  horizontal,  H  =  x[t)  when  the  motion 
is  vertical. 


4.  NUMERICAL  ALGORITHM  AND 
COMPUTER  PROGRAMS 

We  develop  two  types  of  the  computer  programs: 

1)  The  programs  enable  to  compute  quickly  the 
cavity  shape  and  all  necessary  flow  parameters 
for  various  combinations  of  the  parameters.  In 
this  case,  the  convenience  of  data  input  with  PC- 
keyboard  is  considerable.  The  computation  result 
must  be  quickly  display  in  the  graphic  form  com¬ 
fortable  for  perception.  Our  program  SUPERCAV¬ 
ITY  is  an  example  of  such  program. 

2)  The  programs  enable  to  carry  out  ’’the  com¬ 
puter  experiment”  with  dynamic  display  of  the 
non-stationary  cavity  shape  and  another  necessary 
information  at  the  program  run-time.  Our  pro¬ 
grams  ENTRY,  STABILITY,  PULSE,  DIVE  are 
examples  of  such  programs. 


jectory  +  h,  n  =  2, 3, . . ..  The  initial 

conditions  are  =  0,  —  1,  =  ctq,  = 

/q.  Computations  at  n-th  step  [i.e.  at  x  =  nh)  are 
proceeded  in  following  order: 

1)  The  body  velocity  is  computed  by  Eq.  (6). 
The  elapsed  time  is  computed  by  equation: 


X 


2)  The  areas  of  cross-sections  S]  (when  i  = 
2,3,.. .)  are  computed  by  Eq.  (1)  until  the  inequal¬ 
ity  <  0  fails.  The  subscript  value  i  =  1  corre¬ 
sponds  to  the  cavity  nose  point.  In  this  time  mo¬ 
ment,  the  position  of  the  cavity  tail  point  =  ih 
is  determined.  Then  it  is  corrected  by  linear  inter¬ 
polation. 

3)  The  cavity  volume  is  computed  by  numer¬ 
ical  integratioii  of  along  the  cavity. 

4)  The  is  computed  by  Eq.  (5).  A  few 

iterations  are  fulfilled,  if  it  is  necessary. 

We  assume  that  a  separation  of  the  cavity  part  and 
a  jump  of  the  function  l{t)  take  place  at  the  mo¬ 
ment  of  confounding  the  upper  and  lower  bound¬ 
aries  of  the  cavity  contour.  Just  such  behaviour  of 
cavity  is  observed  in  the  experiments.  The  return 
with  one  step  h  occurs  when  detecting  the  jump 
of  the  function  l[t).  Then  the  moment  of  separa¬ 
tion  is  determined  more  exactly  with  reduced  step 
hi  h.  However,  the  cavity  pressure  Pc{t)  varies 
continuously  in  this  time.  The  total  precision  of 
the  numerical  algorithm  is  equal  to  0(hi). 

The  contours  of  cavity  and  model  are  erased  and 
put  again  on  the  PC-screen  in  each  several  steps. 
As  a  result,  the  run-time  animation  of  process  is 
presented.  Simultaneously,  the  graphs  of  the  veloc¬ 
ity,  the  external  pressure  Pi(t),  the  cavity  pressure 
Pc{t),  etc.,  are  plotted  on  the  PC-screen.  We  can 
compare  this  graphical  information  with  the  high¬ 
speed  movies  of  experiments. 

5.  EXAMPLES  OF  COMPUTER  SIMU¬ 
LATION 

We  present  below  some  examples  of  the  computer 
simulation  of  the  unsteady  supercavitating  flows  for 
different  conditions. 


Our  programs  could  be  used  on  widespread  desk¬ 
top  computers  with  moderate  capacity.  They  have 
a  comfortable  user’s  interface  including  the  menu 
system,  the  window  system  of  data  input  from  PG- 
keyboard,  the  graphic  output  of  results  on  a  PC- 
screen  too. 

We  construct  the  numerical  solution  of  the  system 
of  Eqs.  (1),  (5),  (6)  at  sequential  points  of  tra- 


5.1  High-speed  motion  of  bodies  in  water 

In  experiments  on  high-speed  motion  of  bodies  in 
water  [2],  the  shape  of  the  model  must  satisfy  the 
following  requirements: 

1)  the  model  must  continually  be  inside  the  natural 
vapor  supercavity; 

2)  the  supercavitating  motion  regime  must  be 
structurally  stable. 

In  this  case,  the  process  is  described  by  two  Eqs. 
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(1),  (6).  We  have  developed  the  SUPERCAV¬ 
ITY  program  for  the  automation  of  the  calculations 
when  designing  the  models.  In  program,  the  com¬ 
fortable  user’s  interface  was  realized.  The  follow¬ 
ing  characteristics  are  calculated  for  given  model 
shape  and  mass  m,  initial  velocity  Vq  and  the  mo¬ 
tion  depth  H: 

1)  the  impact  load  Pmax  affecting  the  model; 

2)  the  parameters  of  motion  and  the  cavity  shape 
for  any  mark  of  the  trajectory  x\ 

3)  the  distribution  of  width  of  the  circular  clearance 
between  the  model  surface  and  the  cavity  bound¬ 
aries. 

For  example,  two  fragments  of  the  PC-screen 
copies  when  the  SUPERCAVITY  program  run¬ 
time  are  shown  in  Figs.  2,  3. 

5.2  Supercavity  formation  at  high-speed 
water  entry 

The  unsteady  processes  of  the  supercavity  forma¬ 
tion  at  the  water  entry  with  the  velocities  of  the 
order  of  1000  m/s  continue  parts  of  millisecond. 
However,  these  processes  exert  the  main  influence 
on  the  following  motion.  Shooting  of  the  water  en¬ 
try  in  a  number  of  experiments  has  shown  that  the 
process  of  the  supercavity  formation  usually  passes 
through  the  stage  of  cavity  closure  on  the  model 
or  behind  it.  If  both  the  motion  stability  loss  and 
the  model  deformation  do  not  happen  in  this  case, 
then  the  normal  cavity  formation  continues. 

We  have  assumed  that  the  cause  of  cavity  closure 
after  the  water  entry  is  the  impulse  increase  of  the 
water  pressure  because  of  the  model  penetration 
and  the  catapult  gas  action.  Then  Eq.  (1)  can 
be  used  to  compute  the  cavity  evolution  when  im¬ 
posing  the  external  pressure  impulse  Pi{t).  The 
impulse  shape  should  be  calculated  or  taken  from 
experiment. 

To  calculate  the  pressure  field  in  water  near  the 
cavity  we  suppose  the  validity  of  the  principle  of 
freezing  of  free  boundaries:  in  every  moment  of 
penetrating  the  cavity  can  be  replaced  by  solid 
body  with  the  same  shape. 

5.2.1  Water  entry  through  a  rigid  wall 

We  consider  the  problem  on  the  penetration  of  a 
body  of  revolution  through  the  round  perforation 
in  a  flat  undeformable  wall  into  the  half-space  filled 
by  ideal  incompressible  weigthless  fluid.  We  con¬ 
struct  a  solution  in  the  stationary  cylindrical  co¬ 
ordinate  system  (see  Fig. 4).  The  kinematic  part 
of  problem  consists  of  determination  of  the  stream 
function  satisfying  the  boundary  conditions  at  each 
moment  of  time  (for  dimension  variables): 


iP  = 


VR"^ 


on  the  body,  if) 


VRl 


on  the  wall, 

(7) 


where  R{x,t)  is  the  body  radius,  Rw{t)  is  the  wall 
perforation  radius. 

Let  the  penetration  velocity  Vo  is  constant,  h  is 
the  step  of  the  pushing  of  a  body  forward.  We 
distribute  the  ring  sources  with  intensities  qj ,  radii 
Vj,  and  center  x-coordinates  xj  —  —  jhl2,  j  = 

1,2,  ...,IV  along  the  body  surface  (Fig. 4).  Here, 
N  is  the  number  of  steps  that  are  made,  Xn  —  Nh 
is  the  current  x-coordinate  of  the  body  nose  point. 
The  stream  function  is  determined  by  numerical 
integration: 


—  f  d<p 

Ip  =  r-^dr  + const,  (8) 

0 

where  'if[xj ,rj\x,r)  is  the  sum  of  the  potentials 
of  a  ring  source  and  its  mirror  reflection  from  the 
wall.  These  potentials  are  expressed  by  total  el¬ 
liptic  integrals  of  the  first  kind  [5].  The  arbitrary 
constant  in  the  Eq.  (8)  is  chosen  from  the  condi¬ 
tion  of  equality  of  the  total  rate  of  sources  to  the 
velocity  of  increase  of  the  washed  part  of  a  body 
volume  Qb{t): 


j=i 

Thus,  the  problem  at  7V-th  step  is  reduced  to  the 
determination  of  the  intensities  of  the  ring  sources 
from  the  system  of  linear  equations  (in  dimension¬ 
less  form): 

^  y  >  Rj )  1  Ri)  —  1  i  =  1 , 2, . . . ,  N. 

j=i 

(10) 

The  dynamic  part  of  the  problem  consists  of  de¬ 
termination  of  the  water  pressure  by  Cauchy  - 
Lagrange  equation.  The  graphs  of  the  pressure 
on  the  body  nose  point  (a;„,0)  for  a  sphere  and 
paraboloids  of  revolution  r  =  a^/xn  —  x  are  shown 
in  Fig. 5. 

The  described  method  of  calculation  was  general¬ 
ized  for  the  case  of  variable  body  velocity  V(f).  We 
use  the  calculated  dependence  pi  {t)  as  initial  data 
for  the  Eq.  (1)  in  the  ENTRY  program.  The  com¬ 
puter  simulation  has  shown  that  the  arising  of  the 
water  pressure  when  penetrating  the  model  causes 
the  local  cavity  closure  and  the  annular  washing  of 
the  model.  A  fragment  of  the  PC-screen  copy  at 
the  program  ENTRY  run-time  is  shown  in  Fig. 6. 
Here,  x,  i2„  are  the  cavitator  coordinate  and  ra¬ 
dius,  Vo  is  the  initial  velocity  of  the  water  entry. 
The  model  shape  is  plotted  by  thin  lines,  the  cavity 
shape  is  plotted  by  bold  lines.  For  comparison,  the 
cavity  contour  is  shown  by  dotted  lines  at  absence 
of  the  pressure  perturbations. 


2 


2 
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5.2.2  Water  entry  from  within  a  gas— bubble 
We  assume  now  that  the  model  enters  the  water 
through  the  free  boundary  of  gas-bubble  previously 
formed  in  water  (see  Fig. 7).  It  is  possible  to  calcu¬ 
late  exactly  the  water  pressure  in  this  case  [6]: 

P-Poc  2Rie  +  B?R  R^ie 

p  ~  r  2r4  ■ 

Here,  R{t)  is  the  bubble  radius,  r  >  R[t)  is  the 
current  radial  coordinate.  Let  the  bubble  pressure 
is  being  supported  as  constant  for  some  time.  Then 
substituting  the  r  —  R  into  the  Eq.  (11),  we 
determine  the  equation  of  bubble  expansion: 

+  RR=  ~  ,  (12) 

2  p 

RiO)  =  Ro]  i?(0)  =  0. 

On  the  other  hand,  if  we  know  the  function  of  bub¬ 
ble  expansion  R  —  R{t),  for  example  from  experi¬ 
ment,  it  is  possible  to  calculate  the  water  pressure 
for  adoption  in  ENTRY  program. 

A  fragment  of  the  PC-screen  copy  showing  the  cav¬ 
ity  deformation  when  penetrating  the  model  into 
water  from  within  the  gas-bubble  is  shown  in  Fig. 8. 
It  is  assumed  that  the  model  velocity  is  consider¬ 
ably  greater  than  the  bubble  expansion  velocity: 
Vo  ^  R-  The  cavity  pressure  is  supposed  to  be 
equal  to  the  bubble  pressure  for  initial  stage  of  pen¬ 
etration:  Pc  —  Pj-  A  comparison  with  experimen¬ 
tal  high-speed  shooting  shows  the  good  agreement 
of  the  calculated  and  experimental  cavity  shape  his¬ 
tories. 

5.3  Cavity  deformations  due  to  internal  and 
external  perturbations 

Simplified  Eq.  (1)  allows  us  to  calculate  the  un¬ 
steady  axisymmetrical  deformation  of  the  cavity. 
Using  the  methods  of  the  theory  of  cavity  perturba¬ 
tions  [2,  7]  we  also  can  calculate  three-dimensional 
cavity  shapes  in  cases  of  nonsymmetric  perturba¬ 
tions  that  can  be  induced  with  gravity  when  a  body 
moves  horizontally,  or  the  presence  of  an  angle  of 
attack  of  a  cavitator. 

The  result  of  computer  simulation  of  the  influence 
of  the  model  angular  oscillation  about  the  center  of 
mass  on  the  cavity  shape  is  shown  in  Fig. 9  (STA¬ 
BILITY  program).  A  fragment  of  the  PC-screen 
copy  showing  the  effect  of  the  external  pressure  im¬ 
pulse  on  the  cavity  shape  is  shown  in  Fig.  10  (the 
underwater  explosion  simulation).  The  maximal 
impulse  pressure  is  attained  at  <  =  80.  In  this  case 
the  cavity  closure  with  the  washing  of  the  model 
occurs  at  a  sufficient  value  of  the  pressure  impulse 
amplitude. 

Earlier  we  have  researched  experimentally  the  ef¬ 
fect  of  water  pressure  impulse  on  artificial  cavities. 


In  those  tests,  the  water  pressure  impulse  was  cre¬ 
ated  by  an  air.  shot  of  a  pneumatic  catapult.  The 
similar  kind  of  pattern  of  cavity  deformations  was 
observed. 

5.4  Self-induced  and  forced  oscillation  of 
ventilated  cavities 

The  gas-filled  supercavities  have  properties  of  the 
dynamic  oscillation  system  with  distributed  lag 
time.  First  the  phenomenon  of  self-excited  pul¬ 
sation  of  two-dimensional  ventilated  cavities  was 
discovered  and  investigated  experimentally  [8,  9]. 
In  the  paper  [10]  this  phenomenon  was  explained 
theoretically  according  to  the  linear  theory  of  sta¬ 
bility  on  the  basis  of  approximate  Eqs.  (1),  (5).  We 
have  exactly  solved  a  problem  on  instability  of  the 
two-dimensional  supercavity  [11].  We  have  shown 
theoretically  that  two-dimensional  and  axisymmet¬ 
rical  cavities  have  similar  of  kind  dynamical  prop¬ 
erties.  The  obtained  in  [11]  results  are  good  agreed 
with  the  experimental  data  [8]. 

If  the  mass  of  gas  in  cavity  is  constant  the  axisym¬ 
metrical  cavity  has  the  following  fundamental  re¬ 
duced  frequencies: 

fTrnl^ 

A:„  =  2?™  at  /?„  =  1 -I- T-- — ,  n  =  l,2,... 

6 

(13) 

Here,  k  =  uilo/Voo,  w  is  the  circular  frequency. 
The  cavity  is  unstable  when  /?  >  2.645.  Kine¬ 
matic  waves  arise  on  the  cavity  boundary  as  a  re¬ 
sult  of  the  cavity  pressure  pulsation.  They  spread 
along  the  cavity  with  a  velocity  about  Uoo  •  In  this 
case  Ic/^n  =  knl^TT  =  n  waves  pack  on  the  cavity 
length. 

We  used  the  quasi-stationary  semiempirical  law 
for  the  air-supply  rate  to  the  cavity  and  the  air- 
leakage  rate  from  the  cavity  [2]  in  the  Eq.  (5). 
This  law  was  obtained  in  the  case  of  weak  action 
of  gravity: 

qin  =  iSc  -  1^  ,  (14) 

Qouiit)  =7Scit)  (^^-1^  . 

Here,  j  =  0.01  -r-  0.02  is  the  empirical  constant. 
Sc  is  a  mid-section  area  of  the  stationary  cavity, 
(Tv  ss  Eu  is  the  cavitation  number  for  the  vapor 
cavity. 

The  PULSE  program  package  was  developed  for 
the  numerical  solving  of  the  system  of  the  nonlin¬ 
ear  Eqs.  (1),  (5)  and  the  statistical  analysis  of 
the  results.  There  are  detailed  description  of  the 
numerical  algorithm  and  analysis  of  the  computa¬ 
tion  result  in  .our  paper  [12].  Calculations  have 
shown  that  oscillations  are  developed  in  the  dy¬ 
namic  system  (1),  (5)  if  the  values  of  the  parame¬ 
ters  7,  Po  belong  to  the  linear  instability  region.  As 
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a  result,  the  stationary  regime  (mode)  of  periodic 
or  quasi-periodic  self-induced  oscillations  is  estab¬ 
lished  with  disconnected  dependence  l(t).  Power 
spectral  density  (PSD),  normalized  autocorrelation 
function  and  other  statistical  characteristics  are 
calculated  for  the  time  series  =  = 

/(<(")).  It  is  shown,  that  new  frequencies  and  their 
linear  combinations  are  appeared  in  the  spectrum 
Pc,  when  the  bifurcational  parameter  go  =  /?o  9m 
increases.  This  corresponds  to  attainment  of  higher 
modes  of  the  cavity  pulsation.  The  spectrum  p^ 
becomes  more  complicated  for  every  mode,  but  the 
main  harmonic  is  varying  weakly.  The  linear  the¬ 
ory  [10,  11]  gives  the  same  behaviour  of  the  cavity 
pressure. 

The  estimation  of  limits  of  the  self-induced  oscilla¬ 
tion  modes  according  to  the  linear  theory  is  shown 
in  Fig.ll.  In  this  case  j  =  0,  i.e.  the  mass 
of  gas  in  cavity  is  constant.  The  results  of  com¬ 
puter  simulation  are  also  plotted  by  circles.  The 
PC-screen  copy  is  shown  in  Fig.  12  at  the  program 
PULSE  run-time.  The  transformation  of  spectrum 
of  the  cavity  pressure  oscillations  =  /3  —  a  is 
shown  in  Fig.  13,  when  the  bifurcation  parameter 
go  increases  (7  =  0).  When  0  <  go  <  1.2,  pe¬ 
riodic  oscillations  (mode  I  or  the  limiting  cycle) 
with  a  disconnected  dependence  l{t)  is  established 
(Fig.  13, a).  Corresponding  phase  portrait  W{1)  is 
shown  in  Fig.  14, a.  When  go  ^  1.2,  the  mode  II  of 
composite  quasi-periodic  self-induced  oscillations 
arises  spasmodically.  As  a  result,  the  main  har¬ 
monic  is  approximately  doubled  (Fig.l3,b).  The 
spectrum  in  Fig. 13, c  corresponds  to  the  mode  III. 

When  the  mode  II  replaces  the  mode  I,  the  oscil¬ 
lation  energy  is  abruptly  removed  to  the  low  fre¬ 
quencies  in  the  spectrum  /(t).  Then  the  cavity 
length  oscillations  become  like  chaotic.  Influence 
of  parameter  7  on  the  cavity  pulsation  consists  in 
some  decreasing  the  amplitude  and  the  phase  lag 
between  the  cavity  pressure  oscillation  and  the  cav¬ 
ity  length  oscillation.  The  phase  portraits  a(l) 
for  the  increasing  values  of  7  are  shown  in  Fig.  14 
(go  =  0.4,  mode  I). 

The  PULSE  program  also  simulates  the  effect  of 
the  external  pressure  Pi{t)  oscillation  on  the  gas- 
fllled  cavity  pulsation.  Fig.  15  shows  an  example 
of  acting  the  forced  oscillations  Pi{t)  =  Ksinkft 
with  various  frequencies  to  the  self-induced  cavity 
oscillation  (7  =  0,  go  =  0.8,  k  =  0.1).  Corre¬ 
sponding  spectrum  pc{t)  at  absence  of  the  external 
perturbation  is  shown  in  Fig.l3,a.  The  modulation 
for  kf  <gC  kj  (a),  the  synchronization  for  kj  m  kj 
(b),  or  the  ”  chaotisation  ’’for  kj  >  kj)  (c)  of 
the  periodic  mode  are  observed  in  dependence  on 
relation  between  the  forced  frequency  kj  and  the 
cavity  self-induced  oscillation  frequency  kj.  Here, 
the  reduced  frequencies  are  referred  to  the  cavity 


average  length  • 

5.5  Vertical  water  entry  through  the  free 
water  surface 

It  is  known  that  in  the  case  of  vertical  water  pen¬ 
etration,  the  surface  closure  or  the  depth  closure 
of  a  cavity  takes  place  in  dependence  on  the  initial 
entry  conditions  [13].  It  is  shown  in  experimental 
work  [14]  that  both  the  drag  coefficient  and  the 
cavity  shape  near  the  cavitator  cease  to  vary  after 
the  depth  equal  to  1.5  2  of  cavitator  diameters  at 

high-speed  water  entry.  Thus,  the  influence  of  the 
free  water  surface  on  the  cavity  shape  spreads  only 
on  the  depth  of  cavitator  diameter.  This  result 
gives  us  the  experimental  justification  to  use  the 
simplified  calculation  model  (1)  —  (6)  for  a  com¬ 
puter  simulation  of  water  entry  of  models  through 
the  free  surface. 

5.5.1  Wave  formatiou  ou  cavity 

Earlier  we  have  experimentally  discovered  the  phe¬ 
nomenon  of  wave  formation  on  the  cavity  during 
the  vertical  water  penetration  of  bodies  [15].  The 
experiments  are  made  in  the  water  tank  2.0  x  1.0  x 
0.6  m.  The  cylindrical  models  of  different  diameter 
D  and  angle  of  conic  head  a  were  thrown  down  in 
the  tank.  The  velocity  of  water  entry  Vo  was  5 
10  m/s  in  different  experiments.  The  process  was 
recorded  by  shooting. 

The  analysis  of  pictures  has  shown  that  1^5 
waves  usually  appear  on  cavities  at  once  after  the 
cavity  depth  closure.  The  wave  number  and  the 
wave  intensity  depend  on  each  of  the  parameters 
Tto  Vo/ "v/gD,  u  (z. e.  Cx  ),  Euq  —  ‘Ipat^Yil pVq  ^ 
also  on  the  severity  of  cavity  blocking  up  by  the 
model. 


We  have  applied  the  results  of  linear  theory  of 
the  gas-filled  cavity  stability  to  explain  this  phe¬ 
nomenon.  We  have  shown  that  its  cause  is  the  ex¬ 
citation  of  a  fundamentalal  oscillation  of  cavities 
filled  by  atmospheric  air.  We  have  obtained  a  sim¬ 
ple  a  priori  estimation  of  a  wave  number  N  in  the 
case  of  sufficiently  great  both  the  body  mass  and 
the  Froude  number  Fro: 


TT  V  B 


(15) 


The  calculation  model  of  this  process  includes  all 
three  Eqs.  (1),  (5),  (6).  Their  solution  is  calculated 
for  each  time  step  by  the  use  of  the  Steffensen  itera¬ 
tive  process  (DIVE  program) .  Results  of  computer 
simulation  of  the  cavity  transformation  at  vertical 
dive  of  a  disk  and  cones  give  a  good  agreement  with 
both  high-speed  shooting  the  experiments  and  the 
a  priori  estimation  (15).  The  dependence  of  the 
cavity  length  I  and  the  cavity  pressure  pc  on  the 
cavitator  depth  x  are  shown  in  Fig. 16.  The  dot¬ 
ted  line  corresponds  to  the  l{x)  computed  without 
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taking  into  account  the  elasticity  of  the  air  filling 
the  cavity.  A  comparison  of  the  calculated  and  the 
experimental  cavity  shapes  is  shown  in  Fig.  17  at 
sequential  times. 

5.5.2  Near— surface  closure  of  cavity 

We  have  experimentally  shown  that  the  near- 
surface  closure  of  the  cavity  behind  the  body  oc¬ 
curs  for  the  water  entry  velocity  about  100  m/s.  It 
is  caused  by  the  impulse  increase  of  the  water  pres¬ 
sure.  It  is  important  that  mechanism  of  this  closure 
differs  fundamentally  from  the  known  surface  clo¬ 
sure  of  cavities,  which  is  caused  by  the  pressure  re¬ 
duction  in  the  cavity  throat  due  to  flowing  of  atmo¬ 
spheric  air  into  cavity  [13].  This  phenomenon  de¬ 
velops  especially  brightly  in  experiments  on  high¬ 
speed  entry  of  models  into  the  bounded  water  vol¬ 
ume.  A  comparison  of  the  calculated  and  exper¬ 
imental  cavity  shapes  is  shown  in  Fig.  18,  when 
Dn  =  16  mm,  V  =  84  m/s.  The  waves  are  not 
formed  on  the  cavity  during  the  further  dive.  Such 
behaviour  is  predicted  correctly  by  the  a  priori  es¬ 
timation  (15).  The  DIVE  program  also  simulates 
this  process. 

6.  CONCLUSIONS 

Our  computation  experience  and  the  comparison 
of  obtained  results  with  experimental  data  show 
that  the  approximate  Eqs.  (1)  —  (6)  correctly 
predict  the  unsteady  supercavitating  flows  for  var¬ 
ious  conditions.  We  use  all  accumulated  compu¬ 
tation  experience  for  development  of  the  STABIL¬ 
ITY  software  for  computer  simulation  of  the  su¬ 
percavitating  model  dynamics.  In  this  program, 
we  have  taken  into  account  the  interaction  of  the 
model  body  with  both  the  internal  cavity  walls  and 
the  gas-vapor-spray  medium  filling  the  cavity. 

The  computer  simulation  has  shown  that  the  model 
can  execute  the  steady  or  damped  oscillations  in 
cavity  after  the  impact  its  tail  against  the  inter¬ 
nal  cavity  wall.  In  this  case  the  motion  can  be 
stable  ”as  a  whole”.  Also  the  aerodynamic  forces 
due  to  model  interaction  with  both  the  vapor  fill¬ 
ing  the  cavity  and  the  spray  stream  near  the  cavity 
walls  can  affect  on  the  motion  with  very  high  speed, 
if  the  clearance  between  the  body  surface  and  the 
cavity  walls  is  sufficiently  small.  We  have  shown 
theoretically  that  the  model  self-stabilization  in  su¬ 
percavity  is  possible  also  due  to  specially  so  called 
’’statically  stable”  shape  of  the  cavitator  [16]. 

The  STABILITY  software  investigates  the  stability 
of  the  supercavitating  model  motion  ”as  a  whole” 
for  given  cavitator  and  body  shape,  model  mass, 
initial  conditions  of  motion  {i.e.  the  pitch  angle 
and  the  angular  velocity),  and  also  when  acting 
external  perturbations. 
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Fig.l.  Calculation  scheme  of  axisym- 
metrical  supercavity. 


MODEL  AND  CAVITY  SHAPE 


Fig. 2.  Computation  of  the  cavity  shape 
(SUPERCAVITY). 


Fig. 3.  Histories  of  cavity  length  and 
model  speed  (SUPERCAVITY). 


Fig. 4.  Calculation  scheme  of  water 

penetration  through  the  rigid  wall. 


Fig. 5.  History  of  pressure  in  the  body  Fig. 6.  Computer  simulation  of  water 

nose  point.  entry  through  the  rigid  wall  (ENTRY). 


Fig. 7.  Scheme  of  water  penetration 
from  within  the  gas  bubble. 


Fig. 8.  Computer  simulation  of  water 
penetration  from  within  the  gas  bubble 
(ENTRY). 


Fig. 9.  Action  of  the  model  angular  oscillation  (STABILITY). 
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Fig. 10.  Action  of  the  external  pressure  perturbation  (ENTRY). 


Fig.ll.  Self-induced  oscillation  modes 
of  ventilated  cavity  at  7  =  0. 


Fig.  12.  Computer  simulation  of  the 
ventilated  cavity  self-induced  oscilla¬ 
tions  (PULSE). 


Fig. 14.  Phase  portraits  pM)  at  the  varying  7. 
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Fig.  15.  Power  spectral  density  of  Pc{t)  at  forced  oscillations. 
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Fig.l6.  Histories  of  cavity  length  and  Fig.l7.  Comparison  of  computed  and 

pressure  during  vertical  water  penetra-  experimental  cavity  shape  at  = 

tion  at  14  =  9  m/s  (DIVE).  9  m/s  (DIVE). 


Fig. 18.  The  same  at  Vq  =  84  m/s. 
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SOME  PROBLEMS  OF  THE  SUPERCAVITATION  THEORY 
FOR  SUB  OR  SUPERSONIC  MOTION  IN  WATER 

V.V.  Serebiyakov 

Institute  of  Hydromechanlct  of  NASU 
8/4, 2hdlabov  Sir.,  Kyiv,  252057,  Ukraine 


SUMMARY 


1.  INTRODUCTION 


Main  concepts,  results  and  methods  of  the  linearized 
Theory  of  axisymmetric  supercavitation  are  presented  on 
the  basis  of  the  Slender  Body  ^proximation  in 
incompressible  fluid.  Because  of  considerable  increase  of 
possible  velocities  of  motion  in  water  up  to  values 
comparable  with  the  sonic  velocity,  an  effort  is  made  to 
apply  the  developed  here  t^proach  to  the  analysis  of 
supercavitaiion  flows  taking  into  account  basic  effects  of 
compressibility. 

LIST  OF  SYMBOLS 


r,x 

r=R(x) 
r=  ri(x) 
Rm.(Rfc) 
Lt 


L=  ^  +  4 


k 

U.Uo, 

u,v 

<P 

a, 

M„  =  U„/aa, 

B^  =  M^ -I 
P  ,  PoOi  Pfc 
AP=P-Pk 

P»  poo 

AP 

a  =  — 0 - 

plJi/2 

D 

■ 

Cd.Cdo  - 


6-1/2 

e- 2,718 

SBT 

MAEM 


cylindrical  frame  of  coordinates 
axisymmetric  cavity  form 
axisymmetric  cavitator  form 
maximal  cavity  radius 
cavity  length 

cavitator  length,  coordinate  of  streamlines 
separation  section  and  cavitator  radius  at 
this  section 

length  of  the  system  cavitator-cavity 

maximal  radius,  semi-  length,  aspect  ratio 
of  slender  cavity  behind  small  cavitator  {in 
panicular  disk  for  a  =  const ) 
coefficient  in  formula  for 
prolong  speeds  in  free  flow  and  at  infinity 

axial  and  radial  components  of  speeds 

perturbations 

speeds  potential 

perturbation  of  speeds  potential 
sonic  speed  in  flow  and  at  infinity 

Mach  Number 


pressure  in  flow,  at  infinity  and  in  cavity 

pressure  difference  in  flow  and  in  cavity 

on  a  cavity  surface 

mass  density  in  flow  and  at  infinity 

cavitation  Number 
cavitator  drag 

cavitator  drag  coefficients  for 
a  =  const ,  c  =  0 

cavitational  drag  coefficients  for  cavity 
middle  section  and  for  ahead  cavity  part 
for  a  =  0 

cavitator  slenderness  parameter  (for  cone 
with  semi-angle  y,e  =  tgy 
cavity  slenderness  parameiere  what  can  be 
given  by  different  ways 

Slender  Body  Theory 

Matched  Asymptotic  Expansion  Method 


Applying  of  supercavitation  allows,  while  isolating  a  body 
surface  from  water,  to  avoid  viscous  losses  and  to 
decrease  resistance  considerably.  The  least  yabtes  of  the 
cavitational  drag  coefficient  Cj,  for  a  cavity  middle 


section  (of  a  body  compactly  enough  inscribed  in  the 
cavity)  are  reached  fust  for  slender  cavities: 


Cjj  -  a 


21n2 


(1.1), 


P  —P 

where  o  =  "  a  r-  -  the  cavitation  Number, 
pui/2 

AP=  (Pa  -  Pk)  -  the  difference  of  pressures  in  a  free 
flow  at  infinity  and  in  the  cavity,  p  -  the  fluid  mass 
density,  Ua,  -  the  undisturbed  free  flow  velocity  at 
infinity,  X  -  the  cavity  aspect  ratio. 

Obtained  at  the  present  by  experiments  super-high 
velocities  in  water  have  helped  to  realize  the  fact  that  the 
drag  in  water  at  high  velocities  can  be  very  small  and 
even  the  comparable  with  its  values  in  air.  Super-high 
velocities  are  reached  in  experiments  by  launching  of 
small  elongated  bodies  of  mass  about  0.1-0.3  kg.  During 
next  instances  the  body  moves  practically 
straightforward  by  inenia  at  a  slow  vdocity  decrease, 
and  thanks  to  small  cavitational  drag  the  launched  body 
can  overcome  considerable  distances.  Cavities  at  that 
are  enough  close  to  stationary  ones  and  they  are  very 
slender  rather  resembling  needles. 

Classical  supercavitation  is  based  on  a  model  of 
incompressible  fluid  and  supercavitation  is  apparently 
one  of  the  best  area  for  this  model  to  be  applied.  Further 
growth  of  velocities  up  to  the  values,  comparable  with  the 
sonic  velocity  in  water  a,,  -1500  m/sec  leads  to 
appearance  of  considerable  compressibility  effects  . 
Important  here  is  the  Mach  Number  M  =  and 

such  effects  as  shocks,  wave  drag,  transonic  phenomena 
that  requires,  correspondingly,  further  development  of 
the  theory. 

The  main  problem  of  supercavitation  is  to  determine 
cavitator  drag,  sizes  and  form  of  the  cavity.  The  problem 
of  determining  the  principal  sizes  and  form  of  the  cavity  in 
incompressible  fluid  has  here  been  solved  just  after 
appearance  of  the  theory  on  the  basis  of  the  integral  lows 
of  conservity  and  was  carefully  checked  experimentally. 
However  the  process  of  developing  a  more  exact  asymp¬ 
totic  theory  of  slender  cavities  and  a  numerical  nonlinear 
theory  was  very  long.  Nowadays,  with  regard  to  avail¬ 
able  publications,  analogous  difficulties  seems  also  will 
have  place  when  developing  the  theory  taking  into 
account  compressibility. 

The  paper  contains  an  attempt  to  generalize  and  develop 
linearized  theory  based  on  the  Slender  Body  theory  and 
integral  lows  of  conservation.  The  main  advantage  of 
asymptotic  solutions  is  that  they  give  correct  results  in 
any  extreme  situation,  for  example  in  case  of  super- 
slender  cavities.  The  first  pan  of  the  paper  characterize 
possibilities  of  the  linearized  theory  in  case  of  slender 
axisymmetric  cavities  in  incompressible  fluid;  approach, 
methods,  results.  In  the  second  part  an  attempt  is  made  to 
analyze  possibilities  and  applications  of  analogous 
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approach  taking  into  account  the  principal  effects 
of  compressibility,  in  the  most  interesting  range  of 
M  ~0+2..  The  most  attention  is  paid  to  clarify 
whole  picture  of  flow  propenies  undemanding  for 
motion  with  slender  cavities  for  Af=0  and  its 
generalization  with  account  main  compressibility 
effects. 

2.  SUPERCAVITATION  IN 
INCOMPRESSIBLE  FLUID 


—  f— 1' 

4R^  I  ife  J 

0nl/6)-‘ 


+ 

2  dx^ 


* 


4x(L  -  x) 


dx^ 

2  i 


2  X 

flnl/e)"* 


2.1  Piincipal  equations.  The  most  characteristic  is 
statement  of  a  stationary  problem  fig.  2.1  fora 
potential  freeflow  of  idesd  incompressible  fluid 
using  the  cavity  closure  by  the  Rjabushinsky 
scheme .  On  a  given  surface  of  a  cavitator  r  =  q  (x)  (and 
the  end  closure  correspondingly)  there  is  given  a 
condition  of  impenetrability ,  on  an  unknown  earlier 
surface  of  the  cavity  -  conditions  of  penetrability  and 
given  pressure  AP ;  disturbances  on  infinity  are 
decreasing  to  0.  For  simplicity  a  separation  streamlines 
cross-section  is  assumed  to  be  fixed; 


0.  (2.1) 


=  l'lWlxw,l  — 


9^  1 99 

dr^  ^  r'^ 
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Here  r,x  are  the  axis's  of  cylindrical  system  of 
coordinates,  9  is  the  potential  of  disturbances.  (2.1-2.5) 
should  be  completed  also  conditions  cavity  end  closure. 
If  considering  the  system  cavitator-cavity  as  the  surface 
of  some  slender  body  with  the  slenderness  parameter 
6  =  1 A  the  equations  of  the  problem  (2.1  -  2.5)  with  the 

accuracy  to  small  values  5  ^In  1  /  5  may  be  significantly 
simplified.  Orders  of  smallness  of  the  values  at 
6  -)  0,  L=  (01)  (L  is  the  characteristic  length  of  the 
system)  in  the  problem  (2.1  -2.5)  are  indicated  under  each 
of  the  terms  of  the  equations.  Using  the  known  Slender 
Body  Theory  expansion: 


9  =  -_|_ 

4*0 


f(3ti)dxi 
\Z  . 


Here  the  linearized  variant  of  the  closing  conditions  (2.9) 
supposes  an  automatic  closing  of  the  cavity  on  some 

small  body  with  the  accuracy  to  small  values  ~  6  Mnl/5  . 

2.2  General  Notions.  In  the  case  of  the  slender  cavities  a 
disk-like  cavitator  sizes  are  little  and  its  drag  is 
practically  independent  on  the  cavity  form,  and  the 
cavity  form  is  independent  on  the  cavitator  form  and  is 
determined  only  by  its  drag.  Equation  (2.7) 
may  be  interpreted  on  the  basis  of  the  following 
simple  model  [  5, 32  ]  of  slender  cavity 
formation  fig.  2.2.  A  moving  cavitator  pushes 
motionless  fluid  apart  and  the  work  of  its  drag 
is  transformed  into  kinetic  energy  of  the 
practically  radial  flow  generated  in  the  region 
r<  ly  in  each  of  passing  through  by  it 
motionless  cross-sections  of  fluid.  Further, 

•  under  the  action  of  the  pressure  difference  AP 

in  the  flow  and  in  the  cavity,  a  independent 
motion  of  radial  flow  in  each  section, 
generated  by  the  passing  cavitator,  takes  place 
together  with  the  expansion  of  the  cavity  cross- 
section. 

2.3  Dynamics  and  experience  of  imrcstlga-tions. 

The  first  stage  is  years  40-50th.  Here  thank  to 
using  heuristic  models  and  integral 
conservation  lows  the  ellipsoid  form  of  a 
cavity  and  its  basic  sizes  were  determined  and 
inpanicular  the  known  formula  for  the  maximal  radius 
of  cavity  Rfc: 

=  (210) 

where  Rn  is  the  radius  of  the  cavitator,  is  its  drag 
coefficient,  k  =  0,96-1  and  a  practical  independence  of 
the  cavity  cross-sections  expansion  was  realized.  These 
were  investigations  by  H.  Reichardt,  G.  Birkhoff...and  as 
well  as  G.  Logvinovich  who  has  formulated  idea  of 
independence  of  cavity  cross-section  expansion  the  most 
clearly  in  the  form  of  the  known  principle  "  independence 
of  the  cavity  expansion"  [  19  ].  Here  the  known  formula 
by  P.  Garabedian  has  been  obtained  too: 


the  problem  (2. 1-2.5)  is  simplified  with  the  accuracy  to 

9«  ^Inr-t^-l-ln— +O  r^ 
2x  4ii  4x(L  -  x)  4it  0  |x-  Xi|  ’ 


as  well  as  the  known  two -term  asymptote  of  the 

H  streams  expansion  at  infinity  by  M.  Gyrevich  - 
N.  Levinson: 


small  values  5^1nl/6  and  is  reduced  to  the  following 
problem  of  integer-differential  equation  for  a  slender 
axisymmetric  cavity  behind  a  slender  cavitator 


(Inx)^ 


.  1  Inlnx 

4  Inx  ^ 
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Creation  of  the  known  linear  theory  of  two-dimensional 
supercaviiation  by  M.  Tulin  has  considerably  stimulated 
development  of  the  analogous  linearized  theory  of 
ajtisymmetric  flows.  However,  in  order  to  complete  it  till 
1980  years,  it  took  more  than  30  years.  From  one  side, 
the  solutions  of  the  problems  analogous  to  (2.7  -  2.9) 
were  found  on  the  ba.sis  of  numeric-analyticd  methods  [7, 
23, 23, 30] ... .  From  the  other  side,  as  the  most  effective 
was  to  use  methods  of  the  perturbations  theory  [14,  20, 
23-23,  28,  31-41,  33]... .  Here  on  the  first  stages  they  have 
met  considerable  difficulties  and  obtained  a  series  of 
insufficiently  correct  solutions  in  consequence  of  that  the 
extremely  complicated  structure  of  solutions  had  been 
understood  not  at  once.  Because  of  a  very  complicated 
structure  of  solutions  analogous  difficulties  nearby 
separation  cross-section  and  a  series  of  insufficiently 
correct  solutions  were  took  place  also  when  developing 
the  numerical  nonlinear  theory  which  was  also  finished 
considerably  later  in  80*.  Some  of  the  works  in  this  area 
are  given  in  the  reference  list . 

2.4  Matched  Asymptotic  Expansions  Method , 
application.  Base  of  this  approach  in  the  slender  cavity 
theory  was  developed  stan  from  [20,  31, 36-38].  When 
considering  the  surfaces  of  a  cavitator  and  a  cavity  as  the 
surface  of  some  whole  slender  body  it  is  necessary  to  take 
into  account  that  the  surface  in  reality  consists  of  two 
independent  parts.  For  instance,  in  case  if  a  cavity  behind 
cone  we  can  independently  vary  its  semi-angle  y  and 
the  cavitation  Number  a  .  In  further  it  is  convenient  to 
consider  a  scheme  of  two  small  parameters  of 
slenderness;  for  cavitator-  e  ,  for  a  cavity  -  5  ,  (for  a  cone 
e  =  tg)! ),  for  a  cavity  5  =  1^  ~6(a) .  Let  s,5  -»  0, 
supposing  the  length  of  the  complex  L  =  0  (1)  with 
reference  to  the  problem  (2.7  -2.9).  More  general  cases  of 
the  nonstationaxy  problem  [34-3’^  of  unfixed  separation 
cross-section  are  considered  as  analogous.  Tlie  result  of 
limiting  transition  at  6  ,  e  -»  0  depends  on  the  way  of 
their  tending  to  0.  But  as  the  most  preferable,  certainly, 
would  be  a  result  applicable  for  any  relationship  between 
e,  and  5  .  There  are  here  two  characteristic  cases: 

1)  the  case  of  regular  perturbations  fig.  (2.3a) 

8/s  =  0(l),  ((j=0(s2lnl/s)),  L=0(l)(2,13) 

2)  the  case  of  singular  perturbations  fig.  (2.3b): 

8/e^O,  ((j«E^lnUE)  L=0(1)  (2.14) 

1)  5/e  =  0(1) :  here  taking  into  account  conditions  (2.13) 
the  problem  (17  -  2.9)  in  a  limit  is  the  problem  for  a 
differential  equation.  The  lengths  of  the  cavitator  t  and 
the  cavity  cannot  be  strongly  different  ifL^  =  0(1) , 
Physically  we  have  an  ellipsoidal  cavity  and  we  may 
equate  the  incline  angles  of  the  cavitator  and  the  cavity  in 
a  separation  streamlines  cross-section.  From  the  point  of 
view  of  the  theory  of  penurbations  the  whole  solution  is 
situated  in  the  area  of  oarer  sohaion  only  and  the 
boundary  condirions  in  the  separation  cross-section  are 
not  lost  and  we  can  ^ply  them. 

2)  5/8  -»  0.  Here  at  8/s  -»  0  taking  into  account 
conditions  (2.14)  the  cavitator  tends  to  become  infinitely 
small  in  comparison  with  the  cavity  f  =  o|6  ^»Anl/5| .  In 

the  limit  we  have  an  ellipsoidal  cavity  again,  however,  we 
cannot  satisfy  the  boundary  conditions  at  the  separation 
cross-section  -  they  are  lost.  The  most  important 
particular  case  here  is  a  slender  cavity  behind  a 


notslender  disk-like  cavitator.  The  solution  at  6/e  -»  0 
has  a  rather  complicated  asymptotical  stnicture  consisting 
of  3  pans  [20,  31,  37,  38  ],  fig.  (2.3b).  This  is  inner  - 
nearby  the  cavitator  solution,  depending  on  the  cavitator 
shape  (for  a  disk  the  solution  is  nonlinear),  intermediate 
solution  is  asymptotic  (2.12),  external  -  for  the  middle 
pan  -  penurbation  of  ellipsoidal  cavity.  Asymptotic  are 
sought  in  each  of  the  area  in  series: 
l/(lnl  /  5) ;  1  /(Inl  /e) .  Initial  conditions  are  satisfied  in 

the  inner  area  and  the  inner  solution  is  complete.  The 
constants  of  the  intermediate  solution  are  determined  by 
matching  with  the  inner  solution,  the  constants  of  the 
outer  solution  -  by  matching  with  the  intermediate 
solution.  Further,  the  additive  rule  [43]  is  used  and  the 
uniformly  applicable  solution,  applicable  for  the  whole 
area,  is  constructed. 

Asymptotic  solutions  for  both  cases  S/e  =  0(1) ,  8/e  -»  0 
are  yalid  in  different  regfons  of  5,e  relation  and 
complement  one  another.: 

-  solutions  at  5/e  =  0(1)  are  valid  when  the  cavitator  is 
nor  too  small; 

-  solutions  at  5  /e  ->  0  are  valid  when  the  cavitator  is 
small  enough. 

These  solutions  have  between  them  a  certain  boundary 
zone,  where  they  may  give  some  near  results,  however, 
more  than  likely  they  don't  have  any  region  of  overlap. 
For  the  solution  in  both  cases  various  methods  to  specify 
5  may  be  used,  the  most  important  of  which  are: 


a)  b)  (213) 


c)  d) 

It  should  here  be  noted  that  asymptotic  solutions  are 
built  in  the  form  of  rather  weak  Ln  series 
(i;inlO~Q43,  1/^100-0.22...)  andthefirst 
approximations  sometimes  can  hardly  be  considered  as 
solution  in  general,  for  example,  as  in  case  of  an 
ellipsoidal  cavity  when  we  equate  the  incline  angles  of  a 
slender  cavitator  and  the  cavity  in  the  separation  cross- 
section.  There  are  two  principal  ways  to  improve  this 
solutions: 

a)  improvement  of  the  first  approximation  with  the  help  of 
a  more  optimal  choice  of  small  parameters  or  by  some 
another  methods; 

b)  obtaining  of  solutions  of  the  second  order 
approximation  (two  terms  of  a  series  as  a  rule). 

Therefore  in  further  under  the  asymptotic  structure  we  will 
understands  the  first  term  of  a  series,  determining  the 
general  properties  of  the  solution,  but  the  accuracy  of  the 
solution  and  its  chances  to  be  used  are  not  determined. 

2.5  Regular  Solutions  5/8  =  0(1) .  Two  approaches  of 
asymptotic  solutions  are  developed  here  [20,  33,  38,  39  ]: 

1)  direct  -  8,  c  are  given  and  the  asymptotic  solution  of 
the  problem  is  found  in  series  on  1  /  ln(l  /  6)  for  the  shape 
and  sizes  of  a  cavity. 

2)  "semi -reverse"  the  length  of  a  cavity  is  given  and  the 
asymptotic  solution  of  the  problem  is  found  for  the  shape 
of  a  cavity  and  the  cavitation  Number . 

The  asymptotic  two -term  solution  of  the  problem  at 
6/e  =  0(1)  in  direct  statement  in  the  case  of  a  slender 
cone  (  X  =  0  is  in  the  separation  cross-section,  6  =  1 )  has 
the  form; 
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in  the  form  of  series: 


R^  =  5^RS+R?i0nl/6V‘+R-2(lnl/6V-]  (2.20) 

o  =5^|CTi(lnl/5^)  +  (5o  +  °-i(lDl/5^)'*+...j  (2.21) 

and  for  a  =  const  is: 


where  e  ~  271 8 ,  the  parameters  of  the  limit  ellipsoid 
L^,x^,  Lj  are  determined  by  the  following  dependencies: 


In  particular,  at  5  =  b  ,  (2.17  -  2.18)  becomes  ^plicable 
nearby  the  cavitaior  at  a  =  0  too. 

R*‘  =  e4(l  +  2x)  + - ^-[i^ln(l+2x)-i 

[  lna/e^)L  2 

x^lnx-0  +  x)%(l  +  x)|  (2.18) 

2.6  Outer  Sohitions  at  6/e  -»  0  .  An  outer  solution 
describes  the  most  pan  of  a  cavity  and  it  is  sufficient  to 
know  the  solution  in  the  majority  of  cases.  To  determine 
the  constants  of  the  solution  instead  of  matching  the 
integral  conservation  laws  [45]  may  be  applied,  in 
particular  the  formula  for  Rjj  (210) .  For  the  solution  one 

may  neglect  the  sizes  of  a  cavitator  (05^Vlnl  /  6)  and 
may  apply  two  possible  variants  of  "semi-reverse" 
^proach: 

assuming  the  half-length  of  the  cavity  Lt  and  its  aspect 
ratio  J.  to  be  given  we  seek  the  solution  for  its  shape  and 
the  cavitation  Number  in  the  form  of  series  on  InJ.  ; 

-  assuming  1^  and  X  to  be  given  we  seek  the  solution 
for  its  shape  and  the  cavitation  Number  in  the  form  of 
series  on  Ini  /6  taking  into  account  opportunities  of 
(2.15). 

The  solution  in  the  first  case  is  found  in  the  form  of  series 
[  31  ]  on  the  basis  of  the  problem  (x  =  0  in  cavity  middle 
section,  Lfc  =  1 ): 


R^= Rya-x^)+ 


2,  x^ln4-  ln(l  -t  x)^-*^  •  ln(l  -  x)^'*^ 
2inX 


2  ,  X 
<i  =^ln-p 


Taking  into  account  the  opportunities  of  (215) , 
asymptotic  equivalent  expansions  (223)  has  the  form: 


,2  1,  Inl/c 

X^  =  —In - 

a  eo 

a) 


b) 


X2  =  i21n-ip.,  a  =  6^1n^ 


(224) 


c)  d) 

Solutions  (2.22  -2 .24)  are  essentially  the  solution  of  the 
second  approximation.  At  that  each  of  the  variants  of 
dependencies  (223-2.24)  has  its  own  advantages.  Fig.  2.4 
illustrates  dependencies  (2.23, 224  b))  in  comparison  with 
the  data  of  nonlinear  numerical  calculations  [16  ]. 


2.7  Inqtrorlng  of  the  first  approximation  equations.  The 

main  idea  here  is  to  improve  the  small  parameter  so  that 
one  of  the  two-term  (2.22  -  223)  expansions  would  be 
transformed  into  an  one-term  one.  It  is  convenient  at  that 
to  introduce  the  value  p  -  the  inertial  coefficient.  For 
example,  basing  on  (223): 

p  =  ln-^  (22^ 

It  give  possible  to  define  kinetic  energy  of  radial  flow  in 
the  form: 


Efc  = 


2 

(2.26) 


At  that  instead  of  integer-differential  equation  (2.7)  we 
obtain  simplest  differential  equation.  Obtaining  one  of  the 
initial  conditions  using  the  energy  conservation  law  with 
account  (226)  ,  equations  for  defining  of  the  slender 
cavity  shape  behind  small  cavitator  are  [20,  32]: 


dx^  pUi/2 
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For  <j  =  const  solution  of  (2.27)  defmes  ellipsoidal 
cavity  and  the  known  dependence  for  Rt(2.10): 


R^=R„ 


(2.2g) 


Lfc  =  Rn 


a 


At  that  the  dependence  for  defining  (2.24b)  is  the  most 
convenient: 


P«iln^  (22^ 


2.7  Equation  for  Calculations  of  Nonstationaiy  Cavities 
of  Variable  Pressure.  Here  one  applies  the  system  of 
coordinates  connected  with  motionless  fluid.  Coming  from 
the  nonstationaiy  integral-differential  equation  [34]  (what 
is  like  (2.7))  ,  simplifying  it  and  applying  the  energy 
conservation  law  in  the  initial  moment  t  =  tt(x)  when  a 
cavitator  passes  the  cross-section  x  and  has  at  that  the 
drag  D(x) ,  the  shape  of  the  middle  part  of  a  slender 
nonstationary  cavity  behind  small  cavitator  is  determined 
by  the  equations  [20, 32]: 


Here  k  ~  0,96- 1  -  is  the  correction  alike  as  in  (2.10) , 
Equations  (2.30)  are  the  simplest  expression  of  heuristic 
model  fig.  2.2  and  the  principles  of  the  “independence  of 
the  cavity  expansion"  [  19].  At  the  stationary  flow  they 
determine  the  ellipsoidal  cavity  (2.28)  and  are  more 
general  with  compared  to  equation  developed  in  [5].  The 
value  of  the  inertial  coefficient  p.  in  the  equations  is 
usually  as  taken  in  the  form  of  some  universal 
const  |i  ~  2  or  on  the  basis  of  the  solution  for  the 
stationary  cavities  (2.25  ,2.29).  Fig.  2.5  illustrate  the 
values  of  (i  for  various  va.ys  its  defining.  Comparison 

of  the  value  of  /2=  |i.  with  date  of  nonlinear 
numerical  calculation  [16]  illustrating  expediency  of 
introducing  this  value  is  also  presented. 

These  equations  are  useful  in  calculations  of  the  cavities 
differing  considerably  from  nonstationaiy  ones.  They 
were  repeatedly  verified  and  their  correctness  lies  within 
5  -  7  %.  Nowadays  they  are  the  most  convenient  way  of 
estimating  shapes  of  nonstationaiy  cavities.  At  that  a 
small  part  of  nonlinear  solution  nearby  the  disk 
conserving  its  form  for  most  pan  of  possible  case  of  flow 
is  easily  built  over  in  the  final  stage  of  calculation.  These 
equations  give  the  possible  for  the  first  time  to  calculate 
a  number  of  the  nonstationaiy  cavities  of  variable 
pressure  and  they  are  used  in  the  theory  of  cavity 
pulsation  and  in  the  theory  of  the  cavities  with  gas 
injection. 


2.9  Asymptotic  Structure  of  Solutions  (cavitator  length 
/  “  1 ,  for  cone  n  ”  1 ): 
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Lets  also  write  down  a  simplified  variant  of  dependence 
for  a  sufficient  distance  from  the  cavitator  (basing  only 
on  the  intermediate  and  outer  solution,)  what  determines 
asymptotic  structure  of  the  solutions  in  case  of  notslender 
cavitators  of  disk  type  Rn  =  1  •: 
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x-»  <0 

Proceeding  from  (2.31  -  2.32)  it  is  obviously  that  the 
solutions  at  5/e  =  0{1)  of  the  type  (2.16  -2.17)  have 
incomplete  asymptotic  structure  without  intermediate 
part  (2.12)  and  become  unsuitable  for  essential  large 
Lt  ->  "0  ,  where  become  suitable  the  solutions  at 
5/6-)  0. 


2.10  Intermediate  Solution.  In  order  to  develop  at 

S/e  ->  0  the  second  order  theory  two  terms  (2.12)  are  not 

enough  .  Intermediate  expansion  was  extracted  from 

(2.6)  and  it  defines  for  o  =  0  differential  intermediate 
equation  :  [36,53  ]  instead  of  integer-differential  equation 

(2.7) : 
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(234) 


and  its  3  terms  expansions  at  x  <o  [36]: 


1  klnx  1 
4  Inx  2 


hx 


(Z3S) 


2.10  Main  Points  of  the  Theoiy  at  i/e-t  0 .  On  the  basis 
of  (2.35)  at  S/e  ->  0  the  second  order  theoiy  was 
developed  and  a  number  of  the  most  interesting 
asymptotic  solution  of  the  problems  [  36-39]  was  obtained. 
The  central  point  here  is  the  determination  of  the  two- 
term  dependence  for  Rj^  by  way  of  matching  outer 
solution  of  the  second  order  (2.21)  with  asymptotic  (2.35): 

Rfc  _  1  r  }n2/yje 
Jo  lnl/8^ 

This  structure  for  fully  coincides  with  the  structure  of 

expansion  of  Rj. ,  obtained  by  way  of  applying  the 
variation  approach  [28]  on  the  basis  of  solution  (2.22). 

.  On  the  basis  of  the  second  order  theoiy  we  have  the 
complete  solution  of  the  main  problem  of  supercavitation 
in  the  second  approximation.  In  particular,  principal  sizes 
of  the  cavity  are  determined  here  for  Rj.  -  (2.36)  using 
the  convenient  series  of  5  (2.15  a,  c,  d)  and  accordingly 
one  of  the  convenient  dependencies  for  1  (2.23  -  2.24). 
There  are  in  incompressible  fluid  several  basic 
opportunities  to  redize  the  main  supercavitarion  problem 
-  defining  of  main  cavity  sizes: 


23-6 


1)  In  case  of  notslender  disk-like  cavitators  -  we  can  find 
with  ihe  help  of  the  impulse  conservation  law  const  of  the 
intermediate  solution  (asymptotic  at  x  as )  and  to  find 
Rfc  having  matched  the  asymptotic  with  the  outer 
solution ; 

-  we  can  apply  the  theorem  of  impulse  directly  to  the 
outer  solution  and  to  determine  Rj^ . 

2)  In  case  of  slender  cavitators  we  can  also  find  the  inner 
solution  and  to  determine  Rtby  successive  matching  the 
inner  solution  with  the  intermediate  and  outer  ones. 

k  should  however  be  noied  ihai  deierminarion  of  R^  in 
such  a  manner  (asymptoiic  theory  at  hje-i  0  in  general 
case  of  slender  cavitators)  is  possible  only  in  the  case  of 
cavities  skntkr  enough.  In  particular,  for  the  cone  y  -“ICf 
this  becomes  real  for  the  cavities  with  the  aspect  ratio  not 
less  than  J.  ~  15-!-  20.  At  velocities  low  enough  this  way 
for  determining  R^  seems  to  be  in  general  of  theoretical 
interest.  However,  this  way  may  turn  out  to  be  significant 
at  super-high  velocities  of  motion. 

3)  As  important  here  is  the  moment  that  the  known 
expansion  SET  (2.6)  as  well  contains  at  M  =  0  an 
intermediate  asymptotic  for  potential  9 .  This  was  proved 
by  the  identity  of  asymptotic  structures  for  R^,  obtained 
by  various  ways. 

2.11  Effective  Method  of  Calculation  of  Slender  Cavities. 

Inner  nearby  a  disk-like  cavitator  solution  is  universal 
substantially  and  is  a  constituent  pan  of  a  wide  class  of 
stationary  and  not  stationary  cavities.  The  area  of  this 
solution  is  critically  nonlinear  but  one  may  here  find  a 
simple  effective  although  insufficiently  rigorous  solution. 
Assuming  here  the  flow  over  to  be  close  enough  to  the 
stream  about  a  paraboloid  the  left  part  of  intermediate 
equation  (  2.34  )  by  means  of  coordinate  transformation 
turns  into  exact  expression  for  the  pressure  distribution  on 
the  surfaxM  of  a  paraboloid.  At  that  equations  for  the  inner 
part  turn  out  simultaneously  to  be  the  common  equation 
for  the  inner  and  the  intermediate  pan  with  the  accuracy 
up  to  three  terms  of  asymptotic.  Using  for  the  outer  area 
improved  equation  of  the  first  approach  (2.27  )  based  on 
the  first-order  matching ,  we  obtain: 

r-  r- 

dl^  Rg  c 

^  1 
r  1^  4r2 


isentropic  condition,  Laplace  equation  (2.1)  in  the  problem 
(2.1-2.^  is  replaced  with  the  known  system  of  two 
equations 
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where  a  is  the  sonic  velocity  if  water.  Condition  (2.3)  as 
also  changed  on  the  basis  of  Bernoulli  equation: 

n  P  +  B  U^  +  v^  n  ,3:^^ 

n-lp  2  n-lpo,  2 
The  base  for  equations  (3.2  -  3.3)  accounting  the  water 
state  equation  in  form  of  Tet  adiabatic  curve  [  8]: 


where  B,n  are  the  constants:  B=  3045kg/cm^n  =  7,15. 
For  comparison  in  the  case  of  air  the  analogous  (3.2) 
equation  is  [13]: 


a‘  =  a;,-- 


2U„u-^u'‘-^v‘‘ 


In  the  case  of  small  flow  penurbations  for  M  <  1  and 
M  >  1  equations  (3.1-3.3)  in  the  SBT  approximation  are 
simplified  and  Ltqilace  equation  (2.1)  in  the  problem  (2.1  - 
2.5)  are  replaced  by  Prandtl-Glauert  equation 
M<1,M>  1: 

4,  (3.6) 

r  9r  1  I  dx^  ^ 

In  order  to  describe  flow  in  transonic  area  M  ~  1  equation 
(3.6)  is  replaced  by  more  accuracy  transonic  Karman- 
Guderley  equation: 
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Analogously  (2.7)  equation  (3.6)  on  the  base  of  SBT 
approximation  can  be  reduc^  to  integer-differential 
equations: 
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Equation  (2.38)  are  a  rough  preliminary  variant. 
There  are  now  more  perfect  ones  including 
nonstationary  variants  of  the  method.  These 
equations  allow  to  calculate  the  m^ority  of 
stationary  and  nonstationary  cavities  in  various 
reasonable  enough  cases  of  flow  over,  avoiding  at 
that  application  of  the  complicated  methods  of 
nonlinear  numerical  calculations.  Fig  2.6 
illustrates  calculation  results  —  based  on 
equations  (2.37)  in  the  case  of  disk  for  C  =  0.04 
in  comparison  with  nonlinear  numerical 
calculation  A  [16]. 

3.  INFLUENCE  OF  COMPRESSIBILITY 

3.1  Principal  Equations  Within  the  scope  of  the 
model  of  ideal  incompressible  fluid  supposing 
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at  the  initial  conditions  and  the  closure  condition: 


dr  _  dq^ 
dx  dx 


=  0 


lx=L 


(3,10) 


3.2  General  Analysis.  As  it  follow  from  (3.1  -3.3),  (3.5)  the 
equations  in  the  nonlinear  statement  practically  coincide 
for  water  and  air  with  a  slight  difference  for  the  condition 
on  a  cavity  surface  because  of  some  difference  of  state 
equation  for  water  (3.4)  as  compared  to  analogous 
adiabatic  curve  for  air.  Moreover  the  equations  of  small 
disturbed  flows  for  sub  and  supersonic  (3.6,  3.8,  3.9)  are 
based  on  the  acoustics  equations  and  are  absolutely  the 
same  for  water  and  air.  Transonic  equations  (3.7)  for 
water  and  air  are  different  only  by  the  magnitude  of 
const  n,  y  !  This  means  that  sub  and  supersonic  effects 
have  to  be  the  same  with  the  accuracy  up  to  the  isentropic 
condition  in  water  and  air.  However  the  area  of 
appearance  of  the  effects  and  applicability  of  equations 
(3.6,  3.8,  3.9)  as  well  as  the  range  of  M  with  essential 
transonic  effects  will  be  considerably  different  due  to  the 
difference  between  the  values  n~7,15  and  y  ~1,4. 

Water  in  the  range  W  ~  1  2  very  well  satisfy  the  model 
of  ideal,  isoentopic  compressible  fluid.  Static  and 
dynamic  adiabatic  curves  for  water  really  coincide  here, 
viscosity  influence  is  negligible.  However,  even  in  such 
ideal  medium  at  slight  disturbances  in  flow  under  the 
motion  of  slender  bodies,  as  it  follows  from  the  equations 
of  acoustic  approach  (3.6,  3.9 ),  a  significant  wave  drag 
appears.  At  that  summary  transition  of  impulse  through 
side  control  surfaces  are  not  small.  This  effect 
investigated  by  T.  von  Karman  lies  in  the  base  of 
considerable  pan  of  the  classical  supersonic  aerodynamics 
[1 3].  In  view  of  a  complete  identity  of  equations 
( 3.6,  3.9 )  for  water  and  air  this  effect  has  also 
unavoidably  to  be  manifested  for  supereavitation  and  in  a 
lager  degree  for  less  slender  cavitators,  however,  in  the 
area  of  applicability  equation  (39)  just  for  water! 
Equations  (38,  39)  have  similar  asymptotic  structures, 
hence: 

-  in  case  of  slender  cavities  in  compressible  fluid 
analogously  W  =  0  cavitator  drag  for  Af  <  1  slightly 
depends  on  and  for  M  >  1  is  independent  on  cavity  shape 
and  the  cavity  shape  really  do  not  depend  on  cavitator 
form; 

-  expressions  for  pressure  on  slender  body  with  account 
of  compressibility  are  different  from  case  M  =  0  in  outer 
area  only  with  second  order  terms.  This  mean  that  cavity 
shape  in  outer  area  M  <  1  ,  M  >  1 ,  M  ~  1  taking  into 
account  also  (3.6,3.7)  will  be  near  to  ellipsoidal  form. 

-  the  terms  defining  wave  effects  for  W  >  1  are  small 
values  of  the  second  order  in  the  outer  area  and  we  can 
expect  essential  wave  effects  only  for  5/e-»  0.  in  inner 
and  intermediate  areas. 

-  sizes  of  the  inner  area  near  the  cavitator  for  6  /e  -»  0 
( where  in  case  of  a  disk  nonlinear  consideration  is 
necessary  with  using  state  fluid  equation  (3.4)) 
analogously  as  for  M  =  0  are  smdl : 

Af=  0,M<  1:  R„  =  o[^fi^(lnl/5f^ 

M<\-.  R„=  o|a^(lnl/6)''^j 

and  rather  they  are  small  as  well  as  for  M  ~  1 . 

Some  details  of  nature  flow  in  nonlinear  area  can  give 
estimation  of  values  of  flow  at  breaking  point.  Results  this 
estimations  in  dependence  on  M ,  neglecting  of 
hydrostatic  pressure,  are  presented  in  fig.  3.1. 

p,,P,C3,*,T?  are  the  values  of  mass  density,  pressure, 
pressure  coefficient,  temperature  in  degrees  centigrade  at 


(3.10a) 


the  breaking  point.  AP,,^  -  the  pressure  in  normal  shock  on 
axis.  As  following  from  fig  3.1  at  Mach  range  under 
consideration  changing  of  mass  density,  pressure 
coefficient  and  temperature  are  not  essential,  pressure  at 
the  shock  is  not  large.  But  pressure  at  breaking  point  and 
in  particular  in  case  of  disk  cavitator  can  reach  yield 
points  for  strongest  steels. 

The  most  important  from  the  point  of  view  of  applying 
here  all  the  opportunities  of  the  approach  at  M  =  0  are 
the  following  problems: 

1.  Is  there  a  principal  possibility  to  apply  equations  (38, 

39)  and  in  panicular  (39) : 

a)  in  the  outer  region? 

b)  in  the  intermediate  area  -  that  is  does  the  expansion 
SBT  for  (p ,  in  panicular  at  M  >  1 ,  analogously  to  M  =  0 , 
contains  an  intermediate  component  of  expansion?  Or 
SBT  expansion  at  M  >  1  is  only  outer? 

c)  in  the  inner  region  in  case  of  slender  cavotators? 

2.  Is  the  condition  of  angle  equality  in  streamlines 
separation  cross-section  (2.8)  correct  enough  at 
M>1  as  this  problem  is  noted  in  [17]? 

3.  Which  is  the  area  of  applicability  of  equations 
(38, 39)  just  for  the  case  of  water? 

The  following  details  may  prove  to  be  here  considerable: 

1. 6)  For  M  =  0  we  use  SBT  expansion  for  qr  with 
sources  on  the  axis  which  in  some  cases  may  exactly 
describe  flows  even  in  nonlinear  regions.  In  the  same  time 
the  sources  at  M  <  1,  M  >  1  are  suitable  only  for 
description  of  small  disturbed  flows. 

2.  In  case  of  a  fixed  separation  cross-section  nearby  this 
region  a  rather  different  change  of  pressure  takes  place 
when  comparing  with  its  magnitude  on  the  cavitator  up  to 
small  magnitude  on  the  cavity  . 

Although  some  uncertainty  we,  for  the  possibility  of 
preliminary  consideration  will  assume  that  the  situation 
concerning  questions  (1-3)  is  the  same  as  at  M  =  0 . 
Accounting  absence  of  an  analogous  integer  -differential 
equation  for  M  ~  1  we  will  try  to  estimate  the  situation 
on  the  left  of  W  <  1  and  on  the  right  of  M  >  1  as  well  as 
main  tendencies  of  changing  the  situation  when  transiting 
to  intermediate  between  them  transonic  zone.  At  that 
however,  it  should  be  noted  ,  that  if  5/g  =  0(1)  whole 
solution  lies  in  the  outer  region,  better  explored  in 
aerodynamics,  while  for  i/s  ->  0 ,  main  from  the  point  of 
view  of  wave  effects  are  inner  and  intermediate  regions 
what  can  be  more  problematic  for  the  theory. 

3.3  Asymptotic  solutions  for  i  /s  =  0(1)  are  defined  here 

by  the  methods,  analogous  as  for  M  =  0 ,  but  basing  on 
one  of  the  equations  (3.8,  3.9)  for  conditions  (3.10). 
Solutions  for  M  <  1  is  obtained  if  in  solution  for  M  =  0 
(2.16,2.17)  we  will  use  small  parameterps  instead  of  8  . 
At  present  there  is  here  a  numerical  solution  of  the 
problem  for  M  <  1  on  the  base  of  equation  (3.8)  [46]. 
Asymptotic  solution  for  M  >  1  on  base  equation  (3.9)  is 
found  analogously  to  (2.16,  2.17)  forM  =  0 .  At  that  the 
first  order  solution  (2.16)  and  values  (2.17)  here  are  the 
same  both  M  =  0,  Af  <  1,  M  >  1 .  Solutions  for 
Af=0,  Af<l,M>l  are  differed  only  by  second  order 
small  values .  In  particular  for  Af  >  1  solutions  in  case  of 
cone  (x  =  0  is  at  separation  section  ,  1  =  1 ,)  are  sought  on 
the  base  of  problem  (3.9,  3.10)  for  S/s  =  0(1)  in  the  form 
of  expansion: 
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and  are  reduced  to  series  of  boundary  problems,  after 
that  2tMtns  of  expansion  are  obtained: 
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In  particular  the  expression  of 
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(3.12) 


is  easily  obtained 


on  the  base  of  the  second  order  problem  for  equation  (3.9). 
In  ready  solution  it  is  possible  to  apply  one  of  the 
convenient  dependencies  of  5  (2.1^ .  In  panicular  for 
6  =  6  solution  (3.12)  is  applicable  also  for  a  =  0  near 
cavitator  and  for  M  >  1 ,  a  =  0  is: 
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[x  +  (x  +  l/2)(ln  2x  + 1)  -t  2x2  . 

(3.13) 


(314) 


-  2(l  +  x)2ln(l  +  x)j| 

Its  asymptotic  for  x-)  «  ; 

R2  ~  2e^  +  [xln  ^  -  3xln  x] 

For  comparison  we  write  down  also  asymptotic  (2.18)  for 
M<  l,x-»  « : 

2 

r2  ~2e2x+ j-jy-j-[xln^e- xlnx]  (315) 

Conclusions.  As  follows  from  comparison  of  solutions  for 
6/8=  0(1)  M=  0,M<  1(216, 217, 3.15), M>1(311- 314): 
for  M  <  1  compressibility  influence  is  determined  by  the 
second  ordervalues,  it  is  insufficient  and  is  not  increased  if 
it  is  increased  cavity  length  with  compared  to  cavitator 
length  for  transition  from  case  5/6  =  0(1)  to- 
6/e  -♦  Cl  For  M  >  1  and  condition  6/e  =  0(1) 

compressibility  influence  is  defined  by  second  order  small 
values  but  it  is  quickly  increased  if  cavity  length  is 
increased  for  transition  from  6/e  =  0(1)  to  6/6 -»  0.  At 
that  cavity  sizes  for  M  >  1  can  be  essential  smaller  with 
compared  to  M  =  0,  Af  <  1  and  this  fact  can  be  explained 
by  energy  wave  losses .  At  that  applicability  range  of 
relation  6  /s  for  increasing  relative  cavity  length  can  be 
essential  smaller  for  Af  >  1  with  compared  to  solutions  for 
Af  =  Af  <  1 .  We  can  see  it  in  particular  when  comparing 
last  terms  of  asymptotics  (3.14,  3.15)! 


3.4  Outer  tolution  for  6/e-^  0  with  account 
compressibility  [47]  after  the  manner 
(2.19-2.23 )  [31]  is  defined  enough  small  influence 
of  Af  ,  contained  in  integer-differential  equations 

in  form  of  jl  -  Af^j .  Dependence  of  (2.23)  with 


1  Af  <  1,  Af  >  1  are  illustrated  in  fig.  24. 

3.5  General  Pattern  of  Af  Influence  for  supercavotation 
is  first  of  all  represented  by  the  influence  of  Af  on  the 
cavitator  drag  which  determines  R^  and  the  cavity 
aspect  ratio  %  .  Fig.  3.2  illustrate  singularities  of  the 
Af  influence  for  Af  <  1,  Af  >  1  on  the  drag  coefficient  of 
slender  cavitators  (cone)  in  according  to  with 
dependencies  ( 3.34,3.35 )  and  the  cavity  aspect  ratio  2,  - 
(3.17).  For  a  disk-like  cavitator  the  dependence  drag  on 
Af  is  mainly  determined  by  a  simple  dependence  for  the 
pressure  in  the  braking  point.  Further  we  will  try  also  to 
clarify  singularities  of  influence  on  drag  and  cavity  of 
wave  effects  for  Af  >  1  and  transonic  effects  in  interme¬ 
diate  range  of  Af  ~  1  between  Af  <  1  and  Af  >  1 . 

.3.6  Intermediate  expansions  Intermediate  equations  is 
extracted  from  integer-differential  equations  (3.8, 3.9)  and 
their  asymptotic  for  x  -»  =0  are  [39-41]: 
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Nature  of  asymptotic  for  Af  =  (^  Af  <  1  at  x  «  is 
following  -  they  define  cavity  as  wake  with  constant 
contain  of  energy  in  its  each  sections  [19].  Comparing  of 
(3.19,3.21)  shows  more  narrow  at  x-4  «>  asymptotic 
for  Af  >  1  and  hence  on  possibility  of  essential  wave 
losses  by  ahead  part  of  cavities  in  this  case. 

3.7  A  Cavity  Behind  a  Slender  Cavitator  at  a  =  0 . 
Solutions,  obtained  earlier  (2.18,3.13)  for  a  cavity  behind 
a  slender  cone  at  o  =  0  are  inner  solutions.  Uniformly 
suitable  second  order  solutions  for  cavity  behind  slender 
cone  on  base  problems  of  (3.8-3.10)  for  a  =  0  are  (i  =  1 ): 
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M>1, 


Analogously  with  account  Af  it  can  be  obtained 
all  possible  asymptotically  the  same  variants  of 
dependence  (2.23),  but  the  most  convenient  is: 
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where: 
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defines  also  value  Kj  for  cone: 


Fig.  3.3  illustrates  the  results  of  calculation  in  agreement 

with  dependencies  (3.22,  3.23): - calculation, - 

calculation  atM=05ln  =  x/  RatM  =  Q  x  -  nonlinear 
numerical  solution  [3].  The  results  of  calculation  shows 
small  compressibility  influence  on  the  front  parts  of 
cavities  at  W  <  1 .  At  w  >1 ,  however,  this  influence  can 
be  considerable:  the  front  parts  of  cavities  at  M  >1  can  be 
essentially  narrower  as  compared  to  cavities  for  M  =  0 
and  M<\. 


3.8  Asymptotic  Structures  of  Dependencies  at  s/e  ->  o  • 

Uniformly  suitable  first  order  solutions  behind  a  slender 
cavitator  are  universal  and  independent  of  cavitator 
shapes  (1  =  1): 
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Solutions,  containing  only  the  intermediate  and  the  outer 
part  (as  applied  in  particular  to  disk-like  cavitators): 
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3.9  Finite  Cavities  Here  for  i/e  ->  0  M  <  1,  M  >  /  on  the 
basis  of  equations  (3.8, 3.9)  enough  complete  the  second 
order  theory  is  developed.  Taking  into  account  that  the 
shape  of  the  most  pan  of  cavity  ( in  the  outer  area)  rather 
close  to  ellipsoid,  defining  dependence  for  here  is 
principal .  The  dependence  for  for  M  c  f  has  turned 
out  to  be  dependent  on  M  only  in  the  drag  coefficient. 
For  M  >  1  dependence  for  Rfc ,  obtained  by  matching  of 
the  intermediate  and  the  outer  solutions  is: 


1  Ks/2 
R-a  ~Xln2eyB%2 


(3.29) 


where  any  convenient  dependence  for  i  (  15  a,c,d  )can 
be  used.  Here  magnitude  of  Kj  in  asymptotic  for  M  >  1 
(3.21)  in  case  like  disk  cavitators  are  some  value 
Ks=  CXI) .  In  case  of  slender  cavitators  this  value  can  be 


defined  by  matching  of  the  inner  and  the  intermediate 
solutions.  In  panicular  for  the  cone  value  on  base 
second  oitier  solutions  (3.23)  is  defined  by  dependence 
(3.24).  As  follows  from  (3.29)  dependence  for  R^  for 
M  >  1  can  be  expressed  in  view  of  (2.10)  however 
dependence  for  k  account  from  (3.29),  has  following 
structure: 

for  like-disk  cavitators 

k~c0ni2;g2^2^  „ 

c=0(l)„  (3.30) 

for  slender  cavitators 

.  fln!t2/B2'l^ 

"ilnl/B^E^J 

6/e-»0  (131) 

And  as  distinct  from  M=0,M<1  k~(i96^-l  (Z36)  the 
value  k  forW  >  1  can  be  essentially  by  more  than  1. 

With  account  of  a  small  compressibility  influence  in  the 
outer  part  of  solutions  simple  equations  (2.27  -2.30)  are 
applicable  as  well  here  .  In  the  case  of  a  slender  cavitators 
analogous  to  (2.27)  equations  are: 


2d  2 


dx2 


0 


2|  =r2  ^ 


(332) 


At  that  in  equations  (2.27,2.30,  3.32)  it  is  the  most 
convenient  to  apply  value  n  on  the  base  of  (2.29),  but 
with  account  of  M : 


and  it  is  need  account  that  values  of  k  forM  >  1  can  be 
essential  more  than  1. 

M  influence  on  p  is  illustrated  in  fig.  2.5 
Fig.  3.4  illustrates  calculation  results  for  slender 
axisymmetric  cavity  behind  slender  cone  for  M  >  1  using 
equations  (3.32)  where  k  is  defined  on  the  base  (3.24, 
3.29).  For  cj  defining  dependencies  (3.35,3.37)  are 
applied. 

For  the  ^proach  within  the  scope  of  the  theory  being 
developed  the  value  R^  may  be  determined  only  on  the 
basis  of  matching.  Proceeding  from  this  it  should  be 
reminded  about  the  restrictions  of  the  theory  which  are 
analogous  as  at  M  =  Ci  M  <  1  (see  p.  2.1 1),  the 
applicability  of  the  theory  in  the  case  of  slender  cavitators 
is  only  for  enough  slender  cavities(  small  c  ).  Comparing 
of  the  cavitator  sizes  (3.10a),  we  can  see,  that  at  M  >  I 
the  cavitators  can  be  considerably  larger  and  that  can 
make  range  of  the  theory  applicability  less  large  and  can 
demand  still  more  less  a  .  ^ides,  it  should  be  noted  a 
considerably  more  worse  convergence  of  the  series  in 
asymptotic  (3.21)  at  M  >  1  as  compared  to  (3.19)  and 
remind  notes  of  p.3.2.  Proceeding  from  the  above 
dependence  (3.29)  may  be  applicable  only  for  preliminary 
rough  estimations.  Nevertheless  it  eiqtress  a  very 
important  regularity  -  an  e^ntial  and  can  be  able  also  a 
considerable  decrease  of  the  main  cavity  sizes  { and  hence 
the  lengths)  of  supeisonic  cavities  in  comparison  with  the 
cavities  at  M  =  0,  M  <  I  at  the  same  values  of  the 
cavitators  drag.  At  M  >  1  the  cavitator  drag  ceases  to  be 
such  an  universal  value  as  at  M  >  1  which  determines  the 
sizes  of  cavities  in  a  unique  fashion.  At  M  >  1  significant 
wave  losses  appear  depending  in  a  definite  manner  on  the 
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cavitator  shape  and  the  cavitators  having  the  same  drag  at 
M  >  1  can  produce  cavities  of  considerably  differing  sizes. 

3.10  Cavifational  Drag .  Drag  coefficient  of  disk-like 
cavitators  taking  into  account  the  closeness  of  flow  to  an 
isentropical  one  and  small  losses  on  a  normal  chock,  the 
coefficient  c^o  for  c  =  0  can  be  obtained  accurately 
enough  on  the  basis  of  the  pressure  coefficient  in  the 
breaking  point;  In  particular  for  disk  it  may  be  written; 


Cdo  “  0,82C;54m-O“ 


2B 


Cv«  = 


1  + 


(n  - 1)  “"1 


2B. 


(33^, 


where  B,  n  are  the  same  as  in  (3.4). 

Drag  coefficients  for  slender  cavitators  are  obtained  in 
works  [11,19, 24, 29, 35-39  ]...  .For  o  =  0  at 
M  >  1,  M  >  1  they  have  similar  structures.  In  particular  in 
case  of  cone  for 
M<  1; 


(134) 

M>  1  [11]: 


c*,  =  2e^ln 


2  J_ 
'Jt  N 


(33^ 


Number  cavitation  influence  is  defined  by  the  known 
dependencies. 

Ford/e-*  0  M  <  1  : 

Cd  =  Cdo(l+a)  (3.36) 

for  i  /e  =  0(1)  M  <  1  : 

Cd  =  Cdo+a  (^37) 

dependence  (3.37)  is,  however,  rather  rough  because  the 
cavity  influence  on  the  distribution  of  hydrodynamic 
pressures  on  the  cavitator  and  this  influence,  although 
being  determined  by  small  values  of  the  second  order, 
may  be  significant  [35,39].  However,  at  M  >  1  the 
reverse  influence  of  the  cavity  is  absent  and  dependence 
(3.39)  is  here  both  exact  and  applicable  in  the  two  cases 
6/6=  0(1) ,  6/6->  0. 

Cavuanoml  drag  coefficieras  for  middle  cavity  section 
and  for  some  section  x  =  L„  with  radius  R„  of  its 
forward  part  for  u  =  0  in  apply  to  motion  in  ahead  part 
of  cavity  are  some  indexes  cavitation  effectiveness. 
Second  order  asymptotic  dependencies  6  /e  -»  0  M  <  1 
[38-41]  in  case  of  motion  in  ahead  cavity  pan  a  =  0  is: 

^  5.^_  4  llnl./p 

^  tfhl  8 

6„  =  1/A„  =  2Ro/L,  (338) 

Second  order  expansion  in  additional  to  known 
dependence  of  drag  coefficient  for  middle  section 
Cd  =  a  are: 


Cd  = 


CflR^  21n2/t^ 

“RT^T'^iW, 


21n  oL  f  p 
Ti} 


a  (339) 


Asymptotic  structures  for  ,  Cq  on  the  base  of  (3.21, 


3.29)  also  are: 


(341) 


The  results  of  calculations  in  agreement  with  dependencies 
(3.38,  3.39)  are  shown  in  fig.  3.5  and  allow  to  draw  the 
following  conclusions. 

-  The  motion  in  a  cavity  is  the  more  effective  the  more  it 
is  slender.  The  principal  limitation  at  velocities  high 
enough  is  achievable  in  practice  body  aspect  ratio. 

-  The  motion  in  the  ahead  part  of  a  cavity  provide  the 
most  small  drag  coefficients  that  considerably  smaller 
than  in  case  of  a  finite  cavity.  From  this  point  of  view  the 
influence  of  pressure  is  essential  factor  to  decrease  the 
effectiveness  of  motion  with  supercavitation  in  spite  of  a 
certain  possibility  of  the  energy  regeneration  in  the  end 
part  of  the  cavity. 

At  M  >  1  as  it  follows  from  (3.40,  3.41)  we  have  the 
tendency  of  considerable  decrease  of  effectiveness  of 
applying  cavitation  due  to  wave  losses.  In  case  of  slender 
cavitators  this  effect  is  increased  for  increasing  of 
cavitator  slenderness  (cone  semi -angle). 

3.11.  Transonic  elTecls.  The  transonic  region  M  ~1  is 
intermediate  between  M  <  1,  M  >  I .  The  main  problem 
here  is  to  understand  what  properties  of  the  flow  are 
conserved  here  the  same  as  for  M  =  0,  M  <  1  and  what 
ones  are  changed  abruptly  enough  when  transiting 
through  the  transonic  region,  as  well  as  characteristic 
scales  of  the  intensity  of  transonic  effects  and  the 
extension  of  this  region.  Let  us  note  some  peculiarities  of 
the  flow  in  this  case  using  also  results  of  the  known 
investigations  for  air  [10,  13, ...]. 

The  sizes  of  nonlinear  zone  near  by  a  disk-like  cavitator 
may  be  assumed  to  be  also  small,  a  slender  cavity  will  be 
similar  to  ellipsoidal  one  and  the  disk-like  cavitator  drag 
may  be  determined  basing  on  the  pressure  coefficient  in 
the  breaking  point  (3.33). 

In  the  region  of  small  disturbed  flow  equation  (3.7)  is  here 
valid.  Lets  write  separately  expression  for  the  coefficients 
of  (3.7)  differing  this  equation  from  acoustic  one  for  M<1, 
M>1. 


M<  1 


(n+l)M^a([i 

u„  8x 


(3419 


M>  1 


(n-fl)Af,|,  99 
9x 


(343) 


5<p 

-  Depending  on  the  sign  of  influence  of  the  second 
cx 

transonic  term  either  favors  change  of,  for  example, 
elliptic  type  of  equation  to  hyperbolic  one,  or  retards  it. 
In  particular,  the  influence  of  a  slender  cone-like 
cavitator  will  be  decelerate  this  process  and  the  influence 
of  a  cavity,  quite  the  reveree,  will  be  accelerate  one.  When 
transiting  along  the  M  axis  from  an  entirely  subsonic 
flow  to  an  entirely  supersonic  one  the  flow  is  usually 
mixed,  consisting  of  separate  regions  of  sub-  and 
supersonic  flows. 


23-11 


-The  knows  investigations  found  also  at  M'-'l  a 
considerable  increase  of  transverse  sizes  of  the  outer 
region  (region  of  disturbed  flow)  to  0(1/5  j . 

-  On  account  of  the  considerably  more  great  adiabatic 
curve  index  for  water  n~7.15  in  comparison  to  air,  sizes  of 
the  transonic  region  in  water  are  to  be  considerably  more 
wide  than  that  in  air.  At  that  the  singularity  at  M  ~  1 
may  be  assumed  to  be  considerably  more  smooth,  and 
transverse  sizes  of  the  disturbed  flow  region  will  be 
considerably  more  narrow  than  that  in  air. 

As  it  follows  from  the  estimate  results  at  1  -  =  0(1)  the 

value  of  the  second  term  in  (3.42-3.43)  is  essential  small. 
Hence,  an  influence  of  the  second  term  will  be  the  less  the 
more  narrow  will  be  the  transonic  region  and  the  sharper 
will  be  the  peak  in  the  singularity  region  if  the  more 
slender  will  be  the  cavitator  and  the  cavity.  At  that  due 
to  the  features  of  the  structure  of  dependencies  for  the 
drag  of  slender  cavitators  and  the  cavity  aspect  ratio 
,transonic  influence  on  the  dr'ag  of  slender  cavitatore  has 
to  be  more  significant  than  on  cavity  aspect  ratio. 

-  As  it  follows  from  the  comparison  (fig.(3.2))  of  the 
slender  cone  drag  coefficient  with  the  data  of  nonlinear 
numerical  calculations  [2],  extent  of  the  transonic  range 
reaches  here  M~  0,7+ 1,5  for  the  case  of  water  .  For 
aspect  ratios  in  the  case  of  disk  c  ~  0^03  this  region  as 
M>1  also  seems  to  be  considerable  because  values  , 
determined  by  nonlinear  calculations  [49]  are  different  up 
to  20%  from  the  calculations  in  agreement  with 
dependence  (3.16-3.17)  at  M  "1,2. 

-  At  S/e  -»  0  it  seems  quite  possible  for  a  region  close  to 
the  cavitator  to  be  essentially  transonic  and  the  outer 
region  of  a  slender  enough  cavity  at  a  -♦  0  to  be 
supersonic.  Two  main  moments  are  here  principal: 

1)  The  cavity  aspect  ratio  is  fully  determined  by  the  outer 
solution  and  all  the  dependencies  for  (3.16,3.17)  will  be 
valid  here .  But  the  value  of  wave  losses  and  also  what 
fraction  of  the  cavitator  drag  will  be  transformed  into  the 
energy  of  radial  flow  and,  consequently,  Rjc  ,  is 
determined  namely  by  the  transonic  pan  of  flow.  As  it 
follows  from  the  investigations  of  the  transonic  flows  in 
air  [  10, 13, 43]  when  transiting  from  M<1  to  M>1  no 
abrupt  changes  in  the  pressure  distribution  over  the  body 
surface  take  place  and  the  flow  is  reformed  rather 
smoothly  when  changing  M  in  the  transonic  region.  The 
wave  part  of  resistance  at  the  front  parts  of  bodies 
appears  smoothly  too.  Analogous,  but  the  more  smooth 
process  can  be  expected  in  the  case  of  supercavitation 
flow  in  water.  This  has  some  confirmation  in  the  dynamics 
of  growing  k included  in  dependencies  (2.10-3.29)  with 
growing  M.>  1  on  the  basis  of  the  numerical  calculation 
data  at  (o  ~  0.025  -  0,03)  [49]: 


M 

0 

1 

1,05 

1,1 

1,15 

1,20 

0.026 

0.026 

0.027 

0.029 

0.03 

0.031 

k 

0,934 

1,003 

1,016 

1,047 

1,115 

1,198 

kAo 

1 

1,07 

1,09 

1,12 

1,19 

1,28 

forko~a934. 

4.  MOTION  PROBLEMS. 


The  penetration  problems  here  are  connected  with 
appearance  of  considerable  but  short-time  acting 
pressures  in  the  instant  of  impact  which  exceed 
considerably  the  pressures  at  the  motion  with  a  constant 
velocity  and  may  actually  reach  values  up  to 

(5- 10)  xlO*kg/cm^.  The  linearized  theory  of  penetration 
is  developed  here  taking  into  account  plastic 
deformations.  Plastic  deformation  for  speed  comparable 
with  sonic  speed  ai^  considerable  even  for  strongest 
steels  and  quickly  increase  if  penetration  speed  is 
increased. 

Motion  theory.  The  linearised  theory  of  longitudinal  and 
transverse  motion  of  elongated  bodies  is  here  developed. 
The  transverse  motion  under  the  action  of  initial 
disturbances  has  at  that  an  obviously  expressed 
oscillatory  nature.  On  the  basis  of  the  theory  the  models 
of  the  decrease  of  the  trajectory  side  disturbances  and  the 
maximal  increase  of  the  length  of  the  supercavitation  part 
of  trajectory  are  developed  [42]. 

Hydroelasticity  problems.  At  the  elongated  body  motion 
with  the  values  M  high  enough  they  becomes  similar  to 
the  branches  of  a  young  tree.  As  a  result  of  bending  the 
angle  of  attack  of  the  end  stabilizing  surfaces  is 
significantly  different  from  its  values  on  the  basis  of  the 
ideal  rigid  body  theory,  which  in  the  most  real  cases 
proves  to  be  applicable  at  -  M  <  0,3.  only.  A  linearized 
theory  of  motion  are  developed  with  account  hydroelastic 
effects  and  the  nature  frequencies  oscillations  of  bodies  as 
well  as  of  compelling  forces  are  obtained. 

5.  CONCLUSIONS 

-  The  linearized  theory  of  axisymmetric  cavitation  in  an 
incompressible  fluid  is  nowadays  complete  enough. 
Developed  here  rather  simple  methods  really  allow  to 
calculate  stationary  and  nonstationary  cavities  at  a  given 
pressure  on  the  majority  of  real  cases  of  flow  without 
applying  very  complicated  techniques  of  nonlinear 
numerical  calculations. 

-  In  the  case  of  the  compressibility  flow  application  of  the 
developed  earlier  for  M  =  0,  methods  of  linearized  theory 
on  the  SBT  basis  together  with  the  integral  lows  of 
conservation  is  effective  enough.  Many  features  of 
supercavitation  flows  forW  =  0  hold  also  true  in 
compressible  fluids  but  new  serious  problems  appear. 
Calculation  methods  of  the  linearized  theory  are  effective 
enough  as  applied  to  compressible  fluids  and  here  a 
number  of  solution  is  obtained.  However,  the  quantity  of 
theoretical  and  experimental  investigations  as  well  as 
opportunities  of  experiments  are  at  present  rather  limited 
in  the  given  area  and  the  main  problem  here  is  the 
problem  of  verification.  As  the  most  topical  and  the  least 
investigated  and  the  most  complicated  from  the  point  of 
wiev  of  the  theory  of  small  disturbed  flows  is  here 
development  of  the  transonic  suparcavitation  flow  theory 
appearing  in  water  in  a  considerably  more  extended  range 
of  M  as  compared  with  air.  Correspondingly,  the 
questions  of  friable  obtaining  principal  sizes  of  cavities 
and  decrease  of  cavitation  drag  in  this  range  of  w  are  of 
large  interest  too. 
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SUMMARY 

Theoretical  methods  for  water  entry  of  two-dimensional  and 
axisymmetric  bodies  are  presented.  When  the  local  angle 
between  the  water  surface  and  the  body  surface  is  very  small, 
hydroelasticity  must  be  considered.  The  presented  slamming 
analysis  assumes  the  structure  is  rigid.  Two  2-D  numerical 
methods  are  discussed.  One  of  the  methods  simplifies  the 
dynamic  fi-ee  surface  condition  and  details  of  the  jet  flow. 
Flow  separation  fi'om  sharp  corners  are  incorporated.  The 
simplified  method  is  generalized  to  3-D  axisymmetric  flow 
without  flow  separation.  In  order  to  verify  the  3-D  method, 
water  entry  of  axisymmetric  bodies  with  small  local  deadrise 
angles  are  studied  analytically  by  means  of  matched 
asymptotic  expansions.  A  composite  solution  for  the  pressure 
is  presented.  The  numerical  method  is  verified  by  comparing 
with  the  asymptotic  method  and  validated  by  comparing  with 
experiments  for  cones  and  spheres.  It  is  demonstrated  that 
satisfaction  of  exact  body  boundary  condition  is  more 
important  than  satisfaction  of  exact  free  surface  conditions. 
The  efiect  of  local  rise  up  of  the  water  is  significant. 


1.  INTRODUCTION 

Impact  between  the  water  and  a  ship,  i.e.  slamming,  can 
cause  important  local  and  global  loads  on  a  vessel.  Different 
physical  effects  may  have  an  influence.  When  the  local  angle 
between  the  water  surface  and  the  body  surface  is  very  small 
at  the  impact  position,  an  air  cushion  may  be  formed  between 
the  body  surfece  and  the  water  surface.  Compressibility  of  the 
air  influences  the  air  flow.  The  air  flow  interacts  with  the 
water  flow,  which  is  influenced  by  the  compressibility  of  the 
water.  When  the  air  cushion  collapses,  air  bubbles  are 
formed.  The  large  loads  that  can  occur  during  impact 
between  a  nearly  horizontal  body  and  a  water  surface,  can 
cause  important  dynamic  hydroelastic  effects.  This  can  lead 
to  subsequent  cavitation  and  ventilation.  These  physical 
effects  have  different  time  scales.  The  important  time  scale 
from  a  structural  point  of  view  is  when  maximum  stresses 
occur.  This  scale  is  the  highest  wet  natural  period  for  the 
local  structure.  The  effect  of  compressibility  and  the 
formation  and  collapse  of  an  air  cushion  are  significant 
initially  and  normally  in  a  time  scale  much  smaller  than  the 
time  scale  of  when  maximum  stresses  occur.  This  may  occur 
for  wetdeck  slamming.  By  wetdeck  is  meant  the  structural 
part  connecting  the  side  hulls  of  a  multihull  vessel. 
Compressibility  and  air  cushion  formation  will  then  have  a 
smaller  effect  on  maximum  local  stresses  relative  to  dynamic 
hydroelastic  effects.  The  largest  impact  pressures  occur 


initially  and  will  have  a.  minor  effect  on  the  maximum 
stresses.  It  is  an  initial  force  impulse  that  matters.  The 
reasons  are  that  the  largest  pressures  have  a  short  duration 
relative  to  highest  natural  period  for  the  local  structure  and 
have  a  small  spacial  extent  at  a  given  time  instant. 
Theoretical  and  experimental  studies  of  wave  impact  on 
horizontal  elastic  plates  of  steel  are  presented  in  refs.  [1],  [2], 
[3]  and  [4].  Ref.  [5]  studied  also  aluminium  plates.  The 
effect  on  plates  with  a  small  angle  is  discussed  in  refs.  [3] 
and  [6].  It  is  demonstrated  that  dynamic  hydroelastic  effects 
are  significant.  Ref.  [7]  studied  slamming  against  elastic 
wedges  penetrating  an  initially  calm  water  surface. 

When  the  local  angle  between  the  water  surface  and  the  body 
surface  is  not  small  at  the  impact  position,  local  hydroelastic 
effects  are  not  important  for  slamming  on  ship  cross-sections. 
The  slamming  pressures  can  then  be  used  in  a  static 
structural  response  analysis  to  find  local  slamming  induced 
stresses.  The  air  flow  is  unimportant  and  the  water  can  be 
assumed  incompressible  and  the  flow  irrotational.  Since 
water  impact  is  associated  with  high  fluid  accelerations, 
gravity  does  not  matter.  The  local  rise-up  of  the  water  has  a 
significant  effect.  The  spray  by  itself  is  not  important  for 
slamming.  The  pressure  inside  the  spray  is  close  to 
atmospheric.  But  the  generation  of  spray  is  associated  with 
high  pressure  gradients  on  the  hull.  This  is  more  dominant, 
the  smaller  the  local  angle  between  the  water  surface  and  the 
body  surface  is  at  the  impact  position.  The  water  entry  loads 
on  a  ship  cross-section  with  bowflare  will  introduce  global 
hydroelastic  effects  (whipping)  of  the  ship.  Flow  separation 
from  knuckles  should  then  be  accounted  for.  Two  numerical 
methods  for  water  entry  of  ship  cross-sections  will  be 
reported.  They  have  been  validated  by  comparisons  with 
model  tests.  One  of  the  methods  is  exact  within  potential 
theory.  The  other  represents  a  simplification  and  is  more 
robust  for  engineering  use.  The  theoretical  and  experimental 
studies  show  that  common  engineering  methods  to  predict 
water  entry  loads  on  ship  cross  sections  give  too  low 
maximum  force  and  wrong  time  history  of  the  force. 

Generalizations  of  the  two-dimensional  methods  to  three- 
dimensional  flow  are  needed.  An  asymptotic  theory  for  water 
entry  of  an  axisymmetric  body  with  small  local  deadrise 
angles  is  presented.  This  represents  a  valuable  tool  for 
verification  of  three-dimensional  methods.  It  is  demonstrated 
that  local  rise  up  of  the  water  at  the  impacting  body  is  also 
significant  for  three-dimensional  flow. 
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The  simplified  numerical  method  derived  for  2-D  flow  is 
generalized  to  water  entry  of  axisymmetric  bodies.  The 
method  is  verified  by  comparing  with  the  asymptotic  method 
and  validated  by  comparing  with  experiments  for  spheres  and 
cones.  It  is  demonstrated  that  satisfaction  of  exact  body 
boundary  conditions  is  more  important  than  satisfaction  of 
exact  free  surface  conditions.  It  is  possible  to  further  develop 
the  method  and  study  water  entry  of  a  general  3-D  structure. 

2.  SLAMMING  LOADS  ON  SHIP  CROSS-SECTIONS 

Slamming  on  ship  hulls  is  often  categorized  as  bottom 
slamming  and  bow  flare  slamming.  The  physics  of  bottom 
slamming  has  similarities  with  wetdeck  slamming.  When  a 
bow  flare  section  of  a  ship  enters  the  water,  the  local  loads 
around  the  flare  are  not  significantly  influenced  by 
hydroelasticity.  The  pressure  distribution  can  for  instance  be 
estimated  by  the  nonlinear  boundary  element  method 
developed  by  Zhao  and  Faltinsen  [8].  This  method  accounts 
for  the  local  rise-up  of  the  water  and  the  spray  generation 
during  entry.  The  fine  details  of  the  spray  are  neglected,  but 
this  is  believed  to  be  unimportant  for  slamming  pressures  and 
integrated  water  entry  loads.  A  reason  is  that  the  pressure  is 
close  to  atmospheric  pressure  in  the  spray.  Gravity  is 
neglected  since  fluid  accelerations  are  initially  dominating 
relative  to  gravitational  acceleration.  Gravity  may  play  a  role 
at  a  later  stage  of  the  water  entry.  However,  it  is  a  priori 
believed  that  introduction  of  gravity  in  the  numerical  model 
will  not  cause  any  problems.  The  numerical  method  solves 
the  two-dimensional  Laplace  equation  for  the  velocity 
potential  as  an  initial  value  problem.  The  exact  free  surface 
conditions  without  gravity  and  the  exact  body  boundary 
condition  are  satisfied  at  each  time  instant.  An  important 
feature  is  how  the  intersection  between  the  water  surface  and 
the  body  surface  is  handled.  Since  the  fine  details  of  the  spray 
are  not  studied  and  the  pressure  can  be  approximated  as 
atmospheric  in  the  spray,  the  spray  is  excluded  in  the 
boundary  element  formulation.  A  control  surface  normal  to 
the  body  surface  is  drawn  through  the  spray  root.  This 
surface  can  be  handled  in  a  similar  way  as  a  free  surface.  The 
advantage  of  doing  this  is  that  the  intersection  between  the 
water  and  the  body  at  the  free  surface  can  be  handled  in  a 
more  robust  way.  Following  the  details  of  the  jet  flow 
associated  with  the  spray  could  cause  a  small  intersection 
angle  between  the  free  surface  and  the  body  surface.  Small 
numerical  errors  would  cause  large  errors  in  the  prediction  of 
the  intersection  points.  This  can  then  destroy  the  numerical 
solution.  This  is  a  more  severe  problem  the  more  blunt  the 
body  is.  Since  the  free  surface  will  have  a  high  curvature 
close  to  the  body  surface  during  water  entry  of  a  blunt  body, 
the  free  surface  shape  was  described  in  ref  [8]  by  a  higher 
order  description.  If  straight  line  elements  are  used,  artificial 
mass  may  be  generated  and  destroy  the  accuracy. 

Very  good  agreement  with  similarity  solutions  for  wedges 
with  deadrise  angles  between  4°  and  81"  and  with 
asymptotic  solutions  for  small  deadrise  angles  were 
documented  in  ref  [8].  The  water  entry  velocity  is  constant. 
There  is  a  peak  in  the  pressure  distribution  at  the  spray  root 
close  to  the  free  surface  when  the  deadrise  angle  is  less  than 
approximately  30°.  This  pressure  peak  is  what  is  often 
referred  to  as  the  slamming  pressure.  When  the  deadrise 


angle  is  less  than  20°  the  pressure  distribution  becomes 
more  and  more  peaked  and  concentrated  close  to  the  spray 
root  and  sensitive  to  the  deadrise  angle.  A  consequence  of 
this  is  that  rolling  could  have  an  important  effect  on  the 
slamming  loads.  Faltinsen  [9]  validated  the  method  by 
comparing  with  drop  tests  of  a  bowflare  section  with  a 
constant  heel  angle  of  22.5° . 

The  original  method  does  not  include  flow  separation  from 
knuckles  or  convex  surfaces.  Zhao,  Faltinsen  and  Aarsnes 
[10]  have  extended  the  original  method  to  include  separation 
from  knuckles.  A  Kutta  condition  implying  tangential 
velocity  and  continuity  in  the  pressure  at  a  separation  point 
is  satisfied.  The  pressure  becomes  more  uniformly  distributed 
in  space  after  flow  separation.  The  magnitude  of  the  pressure 
is  still  significant.  Predicting  flow  separation  from  convex 
surfaces  have  not  been  studied.  This  is  a  harder  problem 
because  the  separation  point  is  a  priori  unknown.  An 
iteration  procedure  is  needed.  The  flow  separation  cannot  be 
determined  by  a  viscous  flow  analysis.  The  duration  of  the 
water  entry  is  too  short  to  develop  velocity  profiles  with  zero 
shear  stress  at  a  point  on  the  surface.  The  latter  is  the  normal 
criterion  for  flow  separation  due  to  viscous  effects.  The 
situation  is  believed  to  be  more  similar  to  cavity  flow  past  a 
blunt  body  like  a  circle  in  cross-flow. 

Even  if  hydroelasticity  does  not  affect  the  local  loads  during 
water  entry  of  a  ship  cross  section,  it  may  play  an  important 
role  in  a  global  analysis.  By  considering  the  ship  hull  as  an 
elastic  beam,  the  integrated  water-entry  force  on  for  instance 
a  bow  flare  section  causes  transient  hydroelastic  response 
(whipping)  of  the  ship.  The  commonly  used  methods  to 
predict  whipping  due  to  water  entry  of  ship  cross-sections  do 
not  account  for  the  local  rise- up  of  the  water.  Ref  [10] 
demonstrated  that  local  rise-up  of  the  water  is  important  for 
water  entry  forces  on  bow  flare  sections.  Its  importance  will 
increase  with  increasing  relative  vertical  velocities  between 
a  ship  cross-section  and  the  water.  The  smaller  this  relative 
velocity  is,  the  more  important  is  Froude-Kriloff  and 
hydrostatic  forces.  By  Froude-Kriloff  forces  is  meant  the 
pressure  loads  due  to  the  incident  waves  only.  Ref  [  1 0]  also 
showed  that  the  hydrodynamic  water  entry  force  is  not 
negligible  when  the  flow  has  separated  from  the  knuckles. 
The  peak  in  the  vertical  force  occurs  when  the  spray  root  is 
at  the  knuckle. 

If  the  hydrodynamic  vertical  water  entry  forces  are  expressed 
in  terms  of  the  time  derivative  of  infinite  frequency  added 
mass  as  a  function  of  submergence  relative  to  undisturbed 
free  surface,  the  force  part  after  flow  separation  from  the 
knuckles  will  be  negligible.  This  is  common  to  do.  An 
approach  like  this  will  also  give  too  low  maximum  force  and 
a  wrong  time  history  of  the  force.  The  reason  is  that  an 
important  part  of  the  force  is  associated  with  the  rate  of 
change  with  time  of  the  wetted  area.  The  local  rise  up  of  the 
water  implies  a  larger  rate  of  change  of  the  wetted  area. 

At  a  late  stage  of  the  water  entry,  it  is  of  interest  to  compare 
the  numerical  results  of  vertical  force  with  theoretical  drag 
coefficients  for  steady  symmetric  cavity  flow  past  a  blunt 
body.  These  values  are  a  function  of  the  cavitation  number. 
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Knapp  et  al.  [11]  defines  the  cavitation  number  as 
K={Pfi-p^lQ-5pV^  for  water  entry.  Here  V  is  the  velocity  of 
the  body,  is  pressure  in  undisturbed  fluid  at  the  depth  of 
the  nose  of  the  entering  body ,  is  the  cavity  pressure.  The 

cavity  pressure  is  the  same  as  atmospheric  pressure  in  our 
case.  Further  p  is  the  mass  density  of  water.  According  to  ref. 

[11] ,  Cp  is  0.745  for  two-dimensional  symmetric  steady 
supercavitating  flow  (K=0)  past  a  wedge  with  interior  angle 
120°  at  the  nose.  is  defined  as  C^=F/(0.5pV^fi) .  Here 
F  is  the  total  force  and  B  is  the  maximum  breadth  of  the 
section.  This  body  shape  was  studied  in  ref.  [10].  Since 
gravity  is  neglected  in  the  numerical  computations,  the  water 
entry  force  on  the  wedge  should  approach  the  results  for 
supercavitating  flow  when  the  submergence  goes  to  infinity 
and  the  drop  velocity  is  constant.  The  results  show  that  the 
unsteady  force  part  reduces  slowly  after  a  rapid  decrease  just 
after  flow  separation  liom  the  knuckles.  The  results  were 
plotted  as  a  function  of  the  inverse  of  the  submergence  of  the 
wedge.  This  makes  it  easier  to  estimate  asymptotic  values 
when  Vt  goes  to  infinity.  Here  t  is  the  time  variable.  The 
results  indicated  that  the  computed  C^-value  for  a  wedge 
with  deadrise  angle  30“  approaches  an  asymptotic  value 
close  to  0.745  when  the  submergence  goes  to  infinity.  The 
numerical  simulations  should  ideally  have  been  continued  for 
larger  submergences,  but  numerical  difficulties  were 
encountered.  The  computations  indicated  that  the  cavity 
becomes  infinitely  long  when  the  submergence  goes  to 
infinity.  It  is  expected  that  the  cavity  will  be  finite  if  gravity 
is  included.  The  deceleration  of  the  section  will  also  affect  the 
solution. 

The  presented  method  does  not  solve  secondary  impact 
problem.  An  example  on  this  is  water  entry  of  a  cross-section 
with  a  sonar  dome.  The  jet  flow  separating  from  the  sonar 
dome  can  cause  secondary  impact  on  the  hull.  The  same  may 
occur  due  to  flow  separation  from  the  bottom  of  a  heeled 
structure  entering  the  water. 

A  simplified  solution  for  water  entry  of  a  two-dimensional 
body  was  presented  by  Zhao,  Faltinsen  and  Aarsnes  [10]. 
The  solution  is  more  numerically  robust  and  faster  than  the 
original  method  in  ref.  [8].  The  quality  of  the  predictions  is 
believed  to  be  satisfactory  for  engineering  applications.  The 
method  is  a  generalization  of  Wagner’s  method.  Wagner 

[12]  developed  an  asymptotic  solution  for  water  entry  of  two- 
dimensional  bodies  with  small  local  deadrise  angles.  The 
flow  was  studied  in  two  fluid  domains.  The  inner  flow 
domain  contains  a  jet  flow  at  the  intersection  between  the 
body  and  the  fi'ee  surface.  In  the  outer  flow  domain  the  body 
boundary  condition  and  the  dynamic  free  surface  condition 
(|)=0  where  transformed  to  a  horizontal  line.  The  kinematic 
free-surface  condition  was  used  to  determine  the  intersection 
between  the  free  surface  and  the  body  in  the  outer  flow 
domain.  Satisfaction  of  the  kinematic  free  surface  condition 
implies  that  the  displaced  fluid  mass  by  the  body  is  properly 
accounted  for  as  rise  up  of  the  water.  This  is  not  true  for  a 
von  Karman  approach  that  does  not  account  for  the  local  rise 
up  of  the  water. 

In  the  generalization  of  Wagner’s  solution  to  larger  local 
deadrise  angles  only  the  outer  flow  domain  solution  is 


analyzed.  A  main  difference  from  the  Wagner  theory  is  that 
the  exact  body  boundary  condition  is  satisfied  at  each  time 
instant.  The  wetted  body  surface  is  found  by  integrating  in 
time  the  vertical  velocities  of  fluid  particles  on  the  free 
surface  and  finding  when  the  particles  intersect  the  body 
surface.  Wagner  did  also  that,  but  he  could  use  analytical 
solutions  due  to  the  simplified  boundary  conditions.  The 
dynamic  free-surface  condition  is  the  same  as  Wagner  used. 
This  is  a  simplification  relative  to  the  more  complete  method 
presented  in  ref  [8].  The  pressure  is  calculated  by  the 
complete  Bernoulli’s  equation  without  gravity.  It  has  not 
been  possible  to  find  an  inner  flow  solution  near  the  spray 
roots  that  matches  the  outer  flow  solution  for  finite  deadrise 
angles.  This  would  have  made  it  possible  to  exclude  in  a 
rational  way  the  large  negative  pressures  that  occur  at  the 
intersection  points  in  the  outer  flow  solution.  The  procedure 
is  simply  to  neglect  the  negative  pressures.  The  theory  was 
verified  by  comparing  with  the  fully  nonlinear  solution  and 
validated  by  comparisons  with  model  tests.  The  simplified 
theory  shows  the  importance  to  satisfy  the  exact  body 
boundary  condition  and  include  the  local  water  elevation  at 
the  hull.  The  exact  dynarnic  free-surface  condition  is  less 
important. 

The  simplified  nonlinear  analysis  in  ref  [10]  was  extended 
by  Zhao,  Faltinsen  and  Haslum  [13]  to  include  flow 
separation  from  fixed  separation  points.  This  is  done  by  an 
iterative  process.  A  shape  of  the  separated  free-surface  is 
assumed  and  the  kinematic  free-surface  condition  is  satisfied 
on  the  assumed  free  surface.  The  functional  form  of  the 
separated  free-suriace  is  found  by  an  analytical  solution  close 
to  the  separation  point.  The  shape  of  the  separated  free 
surface  is  iterated  until  the  difference  between  the  pressure 
on  the  separated  free-surface  and  atmospheric  pressure  is 
minimized.  A  Kutta  condition  is  satisfied  at  the  separation 
points.  The  solution  was  verified  by  comparing  with  the  fully 
nonlinear  solution  in  ref.  [10]  for  water  entry  of  wedges  with 
knuckles.  The  method  was  also  validated  by  comparing  with 
experiments  from  drop  tests  of  a  wedge  and  a  bow  flare 
section  with  knuckles. 

3.  ASYMPTOTIC  'THEORY  FOR  WATER  ENTRY  OF 
AN  AXISYMMETRIC  BODY 

In  order  to  generalize  the  two-dimensional  numerical 
methods  to  three-dimensional  methods  for  water  entry  of 
ships  or  other  structures,  analytic  solutions  are  important  as 
verification  tools.  'This  is  a  motivation  for  studying  an 
asymptotic  theory  for  water  entry  of  an  axisymmetric  body 
with  small  local  deadrise  angles. 

The  theory  of  Wagner  [12]  for  water  entry  of  a  two- 
dimensional  body  will  be  generalized  to  an  axisymmetric 
body.  It  will  be  shown  that  an  axisymmetric  outer  flow 
solution  matches  Wagner’s  inner  two-dimensional  jet  flow 
solution  and  that  a  composite  solution  for  the  pressure 
distribution  on  the  body  can  be  constructed.  The  matching  is 
similar  as  Cointe  [14]  did  in  two  dimensions.  Chuang  [15] 
and  Shiffrnan  and  Spencer  [16]  studied  also  the  outer  flow 
solution  during  water  entry  of  an  axisymmetric  body. 
Chuang’ s  solution  is  approximate  and  leads  to  different 
results  than  ours. 
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The  body  shape  and  definition  of  coordinate  system  are 
shown  in  Fig.  1 .  The  water  entry  velocity  V  is  assumed 


Fig.  1  Water  entry  of  axisymmetric  body.  Definition  of 
coordinate  system. 

constant.  The  instantaneous  draft  relative  to  calm  water  is  Vt 
where  t  is  the  time  variable.  The  vertical  distance  from  the 
lowest  point  of  the  structure  to  the  intersection  between  the 
free  surface  and  the  body  shape  is  T)j(r)  in  the  outer  flow 
description.  The  corresponding  radial  coordinate  r  is  c(t).  p 
is  a  local  deadrise  angle  and  assumed  to  be  small  in  the  fluid 
domain.  The  fluid  is  assumed  incompressible  and  the  flow 
irrotational.  Boundary  conditions  in  the  outer  flow  are  shown 
in  Fig.  2.  Since  p  is  assumed  small,  the  body  boundary 
conditions  are  transferred  to  the  lower  part  of  a  circular  disc 
with  radius  c(t).  The  dynamic  free  surface  condition  4)=0  is 
satisfied  on  a  horizontal  plane  as  shown  in  Fig.  2.  The 
kinematic  free  surface  condition  is  used  to  find  c(t). 


tz 


Fig.  2  Boundary  conditions  in  the  outer  flow  domain  used  in 
the  analysis  of  water  entry  of  a  blunt  axisymmetric 
body. 

We  need  the  velocity  potential  (|)  on  z-0',  r<c.  We  use  the 
solution  in  Milne-Thomson  [17]  onp.499-501.  The  velocity 
potential  is  given  by 

4)  =-— ■  (1) 

■K 

The  solution  agrees  with  Chuang’s  [15]  solution.  When  we 
want  to  find  the  vertical  velocity  w  at  z=0  for  r>c,  it  is 
convenient  to  start  out  with  the  stream  function  ij;.  It  follows 
that 


w 


^  \  -1/2 
(-)^-l  -sin-* 


(2) 


When  r/c  w  ~  2VcV(3n:r^).  The  behavior  is  as 


expected  like  the  flow  due  to  a  vertical  dipole  with  singularity 
at  n=0  and  z=0.  We  should  note  that  the  dominant  term  when 
r  -  c  agrees  with  ref.  [15],  but  not  the  complete  expression 
given  by  Eq.  (2).  When  r  -  «>,  his  solution  for  w  behaves 
liker  and  does  not  have  the  proper  behavior. 

We  now  want  to  find  the  intersection  line  between  the  body 
surface  and  the  free  surface  like  Wagner  [  1 2]  did  in  the  outer 
flow  problem  in  two  dimensions  (see  also  Faltinsen  [18]). 
The  free  surface  elevation  at  the  body  and  relative  to  the 
bottom  of  the  structure  can  be  found  by  integrating  w  in  time 
and  adding  Vt.  This  has  to  be  equal  to  tljCr)  which  is  the 
vertical  coordinate  of  a  point  on  the  structure  relative  to  the 
bottom  (see  Fig.  1).  We  can  write 


-  / 

qL 


2 

7t 


-1/2 


-sin 


+  1  p(c)t/c(3) 


where 


p(c)  =  Vdt/dc 


(4) 


Eq.  (3)  is  an  integral  equation  for  p(c) .  When  p(c)  is  found, 
we  use  Eq.  (4)  to  find  c(t).  We  write  u(c)  =  EA^c We 
will  in  practice  be  interested  in  n=0  and  1 .  It  follows  that  Eq. 
(3)  can  be  written 


Tlj,(r)  =  A^—r  +  Aj|r^  (5) 

"  n  4 


Case  I  Cone 

We  can  write  q^(r)=rtanP  where  p  is  the  deadrise  angle.  It 
follows  from  Eq.  (5)  that  Aj=0  and  AQ=7t/4tanp.  The 
solution  of  Eq.  (4)  is 


c(r)  = 


4  Vt 
tttanP 


1.27 


Vt 

tanP 


(6) 


This  does  not  agree  with  Chuang  [15],  who  gets 
c=1.36Vr/tanp.  But  the  result  agrees  with  Shiffman  and 
Spencer  [16].  The  2-D  result  for  a  wedge  is  (7:/2)Wtanp. 
This  means  that  the  rise  of  water  is  higher  for  a  wedge  than 
a  cone  with  the  same  P  at  the  same  time.  In  calm  water  we 
have  Vf/tanp. 


Case  n  Sphere  ( small  submergences') 

We  can  write  115=0.5  rVR  where  R  is  radius  of  the  sphere. 
It  follows  from  Eq.  (5)  that  Aq=0  and  Aj=2/(3i?). 
Integration  of  Eq.  (4)  gives 

c{t)  =  ^/MVt  (7) 

for  a  sphere  at  small  submergences.  In  calm  water  we  have 
y]2RVt.  Wagner’s  method  for  a  circular  cylinder  gives 
2\fRVt.  So  our  result  is  between  a  von  Karman  approach,  i.e. 
no  local  rise  of  the  water,  and  a  Wagner  approach  for  a 
circular  cylinder.  We  note  that  dcldt  -  “  when  t  -  0.  This 
is  similar  as  for  a  circular  cylinder  and  indicates  that 
compressibility  of  the  water  is  important  initially. 
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The  ratio  between  the  vertical  coordinate  corre¬ 
sponding  to  Eq.  7  and  the  submergence  of  the  sphere  with  no 
local  rise  up  of  the  water  is  time  independent  and  equal  to 
1.5.  This  agrees  with  Ref  [16].  If  the  flow  separates  above 
has  a  physical  meaning  as  a  wetting  factor.  This  may 
not  be  so  for  a  cone.  A  thin  jet  flow  above  the  intersection 
line  corresponding  to  Eq.  (6)  may  stay  attached  to  the  cone. 
This  case  will  be  analyzed  after  the  following  matching. 

Matching 

We  will  match  the  inner  2-D  jet  flow  solution  by  Wagner 
with  our  outer  3-D  solution  for  axisymmetric  flow.  It  follows 
from  Eq.  (1)  that  an  inner  expansion  of  the  outer  solution 
near  r=c  is 


Wagner’s  inner  flow  solution  assumes  that  the  jet  flow  has 
semi-infinite  extent  with  thickness  6.  In  reality  this  is  not  so. 
Cointe  [14]  analyzed  the  details  of  the  jet  part  of  the  flow  for 
a  2-D  wedge  and  matched  with  the  inner  flow  by  Wagner. 
Cointe  assumed  the  jet  stayed  attached  to  the  wedge.  We  will 
do  similar  for  a  cone.  The  detailed  jet  flow  has  a  triangular 
form  in  the  r-z  plane  with  a  length  HVt  and  an  intersection 
angle  a  between  the  cone  surface  and  the  free  surface  (see 
Fig.  4)  The  volume  Vol(t)  of  the  detailed  part  of  the  jet  flow 
around  the  cone  is 

V£>/(f)=27ta{-i(c+fVifcosP)(fV'r)^  -  .icosPCfVif)^} 


(9)  should  be  equal,  it  follows  that 


Fig.  4  Attached  jet  flow  during  water  entry  of  blunt 
axisymmetric  body. 


6  = 


-c(— )- 
2rt  dt 


(10)  It  follows  by  using  fluid  mass  continuity  that  pdVol{i)ldt  \s 

equal  to  p  {dcldt)b  Inc,  which  is  the  fluid  mass  flux  into  the 
detailed  part  of  the  jet  flow.  This  gives  lV=dcldt  and 


Fig.  3  2-D  inner  flow  domain  at  the  spray  root  during  water 
entry  of  blunt  axisymmetric  body. 


For  a  cone  we  get  (see  Eq.  6) 

^cone  =  •|tanp(W)  (11) 


a= — =tan^P  •  7t/32 

m 

The  a- value  for  a  wedge  with  the  same  P  is  16  times  as  large. 
The  wetting  facta  for  a  cone  with  attached  jet  flow  is 
then  4(l+l/cosP)/Tt  which  for  small  angles  p  is 
approximately  2.5.  A  similar  2-D  analysis  for  a  wedge  gives 

Composite  solution  for  the  pressure 
We  will  construct  a  solution  for  the  pressure  on  the  body  that 
is  valid  both  for  the  inner  and  outer  flow.  If  only  the  outer 
flow  description  was  used,  it  would  lead  to  infinite  pressures 
at  r=c.  The  composite  solution  gives  finite  values  for  the 
pressure  when  t>0.  We  will  construct  the  composite  solution 
in  the  same  way  as  Zhao  and  Faltinsen  [8]  did  for  the  2-D 
water  entry  problem.  It  follows  from  Eq.  (1)  and  Bernoulli’s 
equation  that  the  leading  order  pressure  in  the  outer  domain 
on  the  body  is 


The  2-D  result  for  a  wedge  is  twice  the  expression  for  a  cone. 
For  a  sphere  at  small  entrances  we  get 


6 


sphere 


2 

■Ky/3  ^/R 


(12) 


means  atmospheric  pressure  and  p  is  the  mass  density  of 
water.  The  pressure  in  the  inner  domain  follows  from  Eq. 
(4.2)  in  ref  [8]  and  is  given  by 


Fm‘Fa=2p[£(cM]^|  7t|  ‘^^(1  +  |t| 


(13) 
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where  | t|  is  related  to  r  by 

r-c=(6/7t)(-ln|T|  -4|x|'^^-1t|  +5)  (14) 

(see  Eq.  (4.3)  in  ref.  [8]).  6  is  given  by  Eq.  (10).  The 
composite  solution  for  the  pressure  on  the  body  for 
0<r<c(t)  is  then  (compare  with  Eq.  (4.5)  in  ref  [8]). 

P-Pa  =  p— c^((c"-r2)-'«-(2c(c-r))-''^) 

Jt  dt  (15) 

+  2p[JcM]^|'u|‘^2(l  +  |T|*'2)-2 


When  r>c{t),  Eq.  (14)  is  used.  c(t)  is  given  by  Eq.  (6)  for 
a  cone  and  by  Eq.  (7)  for  a  sphere.  |  x  |  is  related  to  r  by  Eq. 
(15)  and  6  is  given  by  Eq.  (1 1)  for  a  cone  and  by  Eq.  (12) 
for  a  sphere. 


The  theory  is  an  asymptotic  theory  valid  for  small  local 
deadrise  angles.  The  maximum  pressure  is  0.5 p(dcldt)^  +p^ 
and  occurs  at  r=c{t) .  The  maximum  pressure  on  a  cone  is 
then 


(P max^ cone  Pa  P 


Tt^an^P 


(16) 


Chuang  predicts  higher  maximum  value.  The  dominant 
pressure  term  in  his  expression  for  small  p  is  p9.2y^/7t^P^ . 
This  is  consistent  with  that  Chuang  predicts  higher  values  for 
dddt  than  us.  The  ratio  between  the  maximum  pressure  on 
a  cone  and  a  wedge  with  the  same  value  of  p  is  with  our 
analysis 

(PraJcone-Pg  ^  64  ^  q  gg  (j.^^ 

^ wedge  Pa  ^ 

Wagner’s  solution  has  been  used  for  the  wedge.  Chuang  [15] 
finds  that  this  ratio  is  0.75.  This  is  based  on  Pierson’s  [19] 
analysis  for  a  wedge.  Takemoto  [20]  has  compared  Chuang’ s 
theory  with  Chuang  and  MUne’ s  [2 1  ]  experiments  for  a  cone. 
He  corrected  for  that  the  pressure  gauge  has  a  finite  diameter 
and  that  the  large  pressures  around  maximum  pressure  have 
a  small  spacial  extent.  The  latter  becomes  more  and  more 
pronounced  the  smaller  p  is.  He  presented  comparisons  for 
P  =  1",  3°,  6°,  10"  and  15".  In  all  these  cases  the  finite 
size  of  the  pressure  gauge  represented  an  important 
correction.  Further  Takemoto  corrected  for  the  velocity  of  the 
cone  is  smaller  when  the  pressure  gauge  comes  into  the  water 
and  maximum  pressure  occurs.  Takemoto  [20]  documented 
good  agreement  with  Chuang’ s  theory  except  possibly  for 
P  =  1".  Air  cushion  effects  may  then  matter.  Making 
similar  corrections  with  our  theory  give  also  good  agreement 
with  the  experiments.  Actually  the  agreement  is  better  except 
for  P  =  6"  where  it  is  difficult  to  say  which  theory  agrees 
best.  At  the  nose  of  the  cone  (r=0)  our  analysis  gives 
^m.Jcone~Pa  =  p8V^/(7r^tanP).  As long  as  P<45",thisis 
lower  than  (p^)c„„^.  This  result  is  consistent  since  p=45" 
can  hardly  be  called  a  small  angle.  The  ratio  between  the 
pressure  at  the  nose  of  a  cone  and  a  wedge  is  [iPnose\one~Pa^^ 
iPnoJwedge-Pa'i  = 


The  maximum  pressure  on  a  sphere  is  time  dependent  while 
it  is  not  for  a  cone  with  a  constant  water  entry  velocity. 
Actually  when  f=0  the  pressure  on  a  sphere  is  infinite  based 
on  the  preceding  analysis.  Other  physical  effect  like  airflow 
and  compressibility  of  the  water  will  make  the  pressure  finite 
at  the  initial  time.  Hydroelasticity  will  also  matter.  If  we  want 
to  find  the  resulting  local  maximum  strucmral  stresses,  this 
may  be  the  most  important  part  (Faltinsen  [3]). 

Vertical  force 

The  vertical  force  Fj  can  be  obtained  by  properly 
integrating  the  composite  solution  for  the  pressure.  An 
alternative  approximate  way  is  to  use  the  outer  solution.  It 
follows  that 


F=p^c^}l^£dr  ^  4),^ 2^  (13) 

This  is  based  on  constant  entry  velocity  V.  If  V  changes,  the 
added  mass  force  A^^dVIdt  has  to  be  added.  By  using  Eq. 
(1)  and  the  definition  of  added  mass  it  follows  that 

C 

^33^~P  f ^c^-r^2nrdr  =  — pc^  (19) 

7t  j  3 

The  total  water  entry  force  can  then  be  written 

F3  =  (20) 

dt 

Eq.  [18]  can  be  shown  to  be  asymptotically  correct  to  lowest 
order  by  using  conservation  of  momentum  as  the  fluid.  The 
momentum  flux  into  the  jet  flow  is  then  higher  order.  It  is 
also  possible  to  show  Eq.  [18]  by  energy  arguments.  The 
hydrodynamic  work  done  on  the  body  is  F3V.  This  is  equal 
to  the  sum  of  the  flux  of  kinetic  energy  out  into  the  jet  and  the 
rate  of  change  with  time  of  the  kinetic  energy  in  the  fluid.  The 
kinetic  energy  flux  out  into  the  jet  is 


(2— )^627rc— 
dt  dt 


By  using  Eq.  (10)  this  can  be  written  plV^c^dddt.  The 
time  derivative  of  the  kinetic  energy  in  the  fluid  is 


dt 


This  follows  by  Eq.  (19)  and  using  that  the  kinetic  energy  can 
be  related  to  the  added  mass.  This  proves  Eq.  (1 8)  by  energy 
arguments.  Ref.  [22]  used  similar  arguments  for  2-D  flow. 

By  assuming  V  is  constant  and  using  Eq.  (6)  it  follows  that 
the  force  on  a  cone  is 

F3  =  4(4/7r)3(Vf)VvVtan3p 


(21) 


By  using  Eq.  (7)  it  follows  that  the  slamming  force 
coefficient  for  a  sphere  at  small  submergences  is 
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C  =  - — -  =  (22) 

'  0.5p7C/?V2  R 

A  similar  result  has  been  derived  in  refs.  [23]  and  [24].  Eq. 
(22)  shows  that  the  initial  -value  is  zero  and  increases 
with  time.  This  is  opposite  of  the  behavior  of  the  impact  of 
horizontal  circular  cylinder  which  starts  initially  with  a  finite 
-value  with  a  Wagner  type  of  analysis. 

Miloh  [25]  has  studied  theoretically  the  impact  of  a  sphere. 
His  analysis  did  not  incorporate  the  local  rise  up  of  the  water. 
However,  he  satisfied  the  exact  body  boundary  conditions  for 
any  submergence.  Miloh  [25]  predicts  a  maximum  value  of 
Cj=0.96  at  Vr//?~0.2,  which  means  a  local  deadrise  angle 
P  of  37"  at  the  intersection  between  the  undisturbed  fi'ee 
surface  and  the  body.  An  asymptotic  theory  would  be 
questionable  at  so  large  p-values.  Miloh’ s  analysis  for  small 
values  of  VtIR  could  be  compared  with  an  asymptotic 
analysis  with  a  von  Karman  approach.  This  give  a  slamming 
coefficient  of  (8^2/7:)  (VW?)'^^.  Miloh  [26]  studied  in 
details  the  asymptotic  behavior  for  small  values  of  VtIR 
based  on  the  solution  in  ref  [25].  Terms  of  Q{{VtlKf'^) 
were  included.  He  discussed  the  influence  of  wetting 
corrections.  If  he  used  C^=  1.5  like  in  the  asymptotic 
method  presented  in  this  chapter,  he  got 

q  =  (12\/3/7t)x''2-5.36T  -  5.76t’'2  (23) 

where  t  =  VtIR .  The  leading  order  term  agrees  with  Eq. 
(22).  He  found  by  using  his  computational  value  C^=\ .327 
that 

=  5.5x''^-4.19t-4.26t^'^  (24) 

This  agrees  satisfactory  with  the  experimental  data  in  ref 
[27]  for  ~0.08<t'‘^<~0.53  .  The  maximum  value  of 
based  on  Eq.  (24)  is  1.26  and  occurs  when  V'f/7?=0.164. 

4.  THREE-DIMENSIONAL  NUMERICAL  METHOD 

The  simplified  2-D  water  entry  theory  described  in  ref  [10] 
will  be  generalized  to  3-D  flow  with  an  axisymmetric  body. 
A  coordinate  system  rz,  which  follows  the  vertical  motion 
of  the  body  is  used  (see  Fig.  5).  The  problem  is  solved  as  an 
initial  value  problem.  Green’s  second  identity  is  used  to 
represent  the  velocity  potential  (f)  as  a  distribution  of 
Rankine  sources  and  dipoles  over  the  body  surface  and  a 
horizontal  plane  outside  the  body  that  starts  at  the 
intersection  line  between  the  body  and  the  free  surface  (see 
Fig.  5).  The  dynamic  free  surface  condition  is 

satisfied.  4>  is  represented  in  the  far-field  as  a  vertical  dipole. 
The  dynamic  free  surface  condition  implies  that  fluid 
particles  on  the  free  surface  have  only  vertical  velocities.  Fig. 
5  illustrates  the  free  surface  and  at  two  time 

instances  t.  and  t_.^,.Thefree-surface  condition  is  satisfied 
on  the  horizontal  planes  L,.  and  at  t.  and  t-^-y .  An 
integral  equation  is  used  at  each  time  step  t^  to  find  the 
velocity  potential  on  the  body  surface  and  the  vertical 


Fig.  5  The  coordinate  system  (r,  Zj) ,  the  real  free  surface 
(  and  the  horizontal  lines  L  used  in  the  numerical 
simulation  for  time  steps  t^  and  in  the 

simplified  solution  of  water  entry  of  an  axisymmetric 
body. 

velocities  at  L. .  It  is  assumed  that  the  vertical  velocity  on 
Ly  for  a  given  r-value  is  the  same  as  the  vertical  velocity  on 
ly .  The  solution  can  be  stepped  from  f  =  r.  to  t  =  t^^y 
in  the  following  way.  The  procedure  is  first  to  decide  the 
intersection  line  (r^^j.Zj^')  attime  and  then  find  what 
At  =  tj^y  -  ty  must  be.  One  can  write 

'i-i 

AP  =  I  W(c{t),ry^y)dt  (25) 

t. 

I 

where  AP  =  PTy^y  -  PTy  (see  Fig.  5)  and  IV  is  the  relative 
vertical  velocity  of  a  point  between  PTy  and  withr- 

coordinate  r^^y .  IV  depends  on  c(t)  which  is  the  r- 
coordinate  of  the  intersection  line  between  the  free  surface 
and  the  body  surface  at  time  t.  Eq.  (25)  can  be  written 

'■i^i 

AP  =  f  WidtXry^yAc  (26) 

■I  ac 

r. 

1 

This  is  evaluated  numerically  by  using  an  average  value 
(dtldc)^  for  dtidc.  IV  is  expressed  in  terms  of  a  local 
solution.  Here  a  local  polar  coordinate  system  (/?2,  02^ 
used  (see  Fig.  6).  IV  can  be  written  as 

IV  =  -(D/(2-y/7i))R2^'^^’''’'''  (27) 

where  is  (r,.^! -c(f)) .  y  is  defined  in  Fig.  6  and  is 
assumed  constant  from  ty  to  ty_^y .  D  is  found  from  the 
global  solution.  An  average  value  for  the  two  time 
instances  ty  and  is  used.  Eq.  (26)  can  now  be 
analytically  integrated.  It  follows  that 

- - T  (28) 

At  is  now  determined  as  {dtidc)  Jj'y^y  -r,.) . 
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Fig.  6  Local  polar  coordinate  system  {R^,  62)  and  local 
Cartesian  coordinate  system  (/-j,  22)-  ^ 

intersection  between  the  body  and  the  free  surface 
P=local  deadrise  angle.  Free  surface  condition  is 
satisfied  on  the  22 -axis. 

After  the  velocity  potential  on  the  body  surface  has  been 
determined,  the  pressure  distribution  on  the  body  can  be 
found  from  Bernoulli’s  equation.  Special  care  is  shown  near 
the  intersection  between  the  body  and  the  free  surface.  Since 
the  velocity  is  infinite  there,  the  velocity  square  term  in 
Bernoulli’s  equation  will  be  negative  infinite.  It  can  be 
shown  that  the  -p9cl)/5r-term  is  positive  infinite  at  the 
intersection  point,  and  that  the  velocity  square  term  is  more 
singular  than  the  -p9(t)/5r-term.  Therefore  the  total  pressure 
is  negative  infinite.  But  this  is  an  integrable  singularity.  Let 
us  define  the  integrated  vertical  force  for  the  part  with 
negative  pressure  as  and  from  the  part  with  positive 
pressure  as  Fp.  It  can  be  shown  that  F^Fp  goes  to  zero 
when  the  deadrise  angle  goes  to  zero.  For  small  deadrise 
angles,  the  maximum  pressure  (positive)  is  obtained  near  the 
intersection  point. 

4.1  Verification  and  validation 

It  was  documented  in  chapter  3  that  maximum  pressures 
predicted  by  the  asymptotic  method  on  cones  with  deadrise 
angles  P  between  3°  and  IS®  are  in  good  agreement  with 
experimental  values.  Fig.  7  shows  the  pressure  distribution 
on  a  cone  with  p  =  10'’.  The  agreement  between  the 
numerical  method  and  the  asymptotic  method  given  by  Eq. 
(15)  is  good.  Similar  comparisons  were  made  for  p  between 
5"  and  30".  The  smaller  p  is,  the  better  the  agreement  is. 
Results  for  P=30"  are  shown  in  Fig.  8.  The  asymptotic 
method  shows  a  small  nearly  non-noticeable  kink  in  the 
pressure  distribution  around  maximum  pressure.  This  is  an 
indication  that  P  is  too  large  for  the  asymptotic  theory  to  be 


Fig.  7  Prediction  of  the  pressure  distribution  during  water 
entry  of  a  cone  with  constant  downwards  velocity  V. 
Deadrise  angle  p  =  10“,  ++++,  numerical  method; 
- ,  asymptotic  solution. 


Fig.  8  Predictions  of  the  pressure  distribution  during  water 
entry  of  a  cone  with  constant  downwards  velocity  V, 
Deadrise  angle  P=30‘’.  numerical  method; 

- ,  asymptotic  solution. 
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valid.  We  note  that  the  magnitudes  of  the  predicted  pressures 
are  similar,  but  the  numerical  method  predicts  less  rise  up  of 
the  water  than  the  asymptotic  method.  This  is  also  evident 
from  Fig.  9  where  the  wetting  factor  C^=ti^/(Vf)  (see  Fig. 
1)  is  presented  versus  p.  The  vertical  force  as  a  function  of 
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Fig.  9  Wetting  factor  during  water  entry  of  a  cone  with 
constant  downward  velocity.  Presented  as  a  function 

of  deadrise  angle  p.  ****,  numerical  method; - , 

asymptotic  solution. 


Fig.  10  Non-dimensionalized  vertical  force  during 
water  entry  of  a  cone  with  constant  downwards 
velocity  V.  Presented  as  a  function  of  deadrise 

angle  p.  ****,  numerical  method;  - , 

asymptotic  solution;  - experiments  (Watanabe 

[28]). 

P  is  shown  in  Fig.  1 0.  The  force  calculated  by  the  numerical 
method  is  obtained  by  pressure  integration,  while  the 
asymptotic  method  is  based  on  Eq.  (21).  The  force  has  been 
non-dimensionalized  so  that  the  asymptotic  method  predicts 
a  constant  non-dimensionalized  value  as  a  function  p.  The 
numerical  method  predicts  a  decreasing  non-dimensionalized 
force  with  increasing  P-value.  This  is  consistent  with  the 
wetting  factor  in  Fig.  9  and  that  the  two  different  methods 
predict  similar  magnitudes  of  pressures  for  p  s  30" .  The  two 
methods  agree  when  P  ->  0.  Experimental  values  by 
Watanabe  [28]  are  also  presented  in  Fig.  10.  Watanabe 
performed  drop  tests  for  p  between  5"  and  20".  An 


empirical  force  formula  that  depends  on  the  structural  mass 
M  of  the  dropped  object  was  presented.  The  results  in  Fig.  10 
are  obtained  by  letting  M  -  The  agreement  between  the 
numerical  method  and  the  experiments  is  good  except  that 
the  experimental  non-dimensional  values  show  a  small 
increase  with  increasing  p. 


with  constant  downwards  velocity  V  versus 


dimensionless  time. - ,  numerical  method;  - 

- ,  experiments  (Cooper  [29]); - , 

experiments  (Shiffman  and  Spencer  [23]). 

Fig.  1 1  shows  the  wetting  factor  as  a  function  of  x=Vt/R 
during  water  entry  of  a  sphere  with  constant  downwards 
velocity  V.  Experimental  results  by  Cooper  [29]  for 
0<x<0.2  and  by  Shiftman  and  Spencer  [23]  for  0.2<t<0.8 
are  presented  together  with  results  by  the  numerical  method. 
The  asymptotic  method  predicts  C^=\.5  which  is  in  good 
agreement  with  the  numerical  method  and  the  experimental 
results  in  ref.  [29].  The  agreement  with  ref.  [23]  is  less  good. 


Fig.  12  Slamming  coefficient  during  water  entry  of 
sphere  with  constant  downwards  velocity  V  versus 
dimensionless  time.- °  -  o-,  numerical  method 

and  pressure  integration; - numerical  method 

and  VdAj^ldf, - ,  Eq.  (23)  ( Miloh  [26]); 

- ,  Eq.  (24)  (Miloh  [26]);  - , 

experiments  (Moghisi  and  Squire  [27]). 
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Fig.  12  shows  the  slamming  force  coefficient  defined  by 
Eq.  (22)  as  a  fimction  of  x.  Eqs.  [23]  and  [24]  proposed  by 
Miloh  (26)  are  plotted  together  with  results  by  the  numerical 
method  and  the  experimental  results  by  Moghisi  and  Squire 
[27].  The  force  calculated  by  the  numerical  method  is 
obtained  by  pressure  integration.  The  quantity  VdAj^/dt 
where  A33  is  our  calculated  infinite  frequency  added  mass  in 
heave  as  a  fimction  of  submergence,  is  also  plotted  in  Fig.  12. 
When  X  -  0  (see  the  discussion  in  chapter  3),  VdA^dt  is 
the  vertical  force  based  on  conservation  of  momentum  in  the 
fluid.  The  derivation  requires  that  the  pressure  is  atmospheric 
on  the  free  surface.  When  x  is  finite,  the  condition  of 
atmospheric  pressure  on  the  free  surface  is  not  satisfactorily 
satisfied  with  the  “(|)=0  condition”  on  the  free  surface.  The 
quadratic  velocity  term  in  the  Bernoulli’s  equation  for  the 
pressure  cannot  be  neglected.  This  is  why  VdA^^/dl  for  finite 
X  does  not  agree  with  the  force  obtained  by  pressure 
integration.  The  experimental  results  for  x<0. 16  are  based 
on  the  empirical  relation  found  by  regression  analysis  in  ref. 
(27).  The  results  for  0.16<x<0.3  are  based  on  own 
judgement  of  the  experimental  results.  We  note  that  both  Eq. 
(24)  and  the  numerical  method  based  on  pressure  integration 
agree  quite  well  with  the  experimental  results.  When  x  ^  0, 
the  numerical  method  agrees  with  the  asymptotic  results 
given  by  Eqs.  (22)  and  (23),  but  not  with  Eq.  (24).  When 
X  >  -  0.25,  the  numerical  method  and  Eqs  (23)  and  (24)  have 
a  different  trend.  The  reason  is  that  Eqs.  (23)  and  (24)  are 
based  on  x  being  small.  Eq.  (23)  agrees  quite  well  with  our 
calculations  of  VdA^^/dt  up  to  x  ~  0.25.  The  reason  is  that 
Miloh’ s  derivation  of  Eq.  (23)  is  consistent  with  using 
VdAj^ldt  as  the  vertical  force  together  with  a  wetting  factor 
of  1.5.  Our  results  show  that  it  is  better  to  use  pressure 
integration  than  calculating  the  force  as  VdA^^ldt. 

These  verification  and  validation  tests  document  that  the 
numerical  method  is  a  valuable  tool  for  studying  water  entry 
of  three-dimensional  bodies.  However,  since  the  atmospheric 
pressure  condition  is  not  satisfactorily  satisfied  on  the  free 
surface  for  finite  values  of  the  local  deadrise  angles,  it  is 
recommended  in  the  future  to  generalize  the  more  complete 
2-D  method  presented  in  ref  [8]  to  3-D  flow. 


5.  CONCLUSIONS 

Theoretical  methods  for  water  entry  of  two-dimensional  and 
axisymmetric  bodies  are  discussed.  When  the  local  angle 
between  the  water  surfece  and  the  body  surface  is  very  small, 
hydroelasticily  should  be  considered.  The  presented  analysis 
of  water  entry  loads  assumes  that  the  local  angle  between  the 
water  surface  and  the  fi'ee  surface  is  not  very  small.  The 
stmcture  can  be  considered  rigid  and  compressibility  effects 
can  be  neglected.  Two  2-D  numerical  methods  are  discussed. 
Both  methods  satisfy  the  exact  body  boundary  condition  and 
account  for  the  local  rise  up  of  the  water.  One  of  the  methods 
satisfies  the  exact  firee  surface  condition  without  gravity.  The 
studies  show  that  it  is  more  appropriate  to  approximate  the 
free  surface  conditions  than  the  body  boundary  condition. 
Flow  separation  fi-om  sharp  corners  has  been  incorporated. 
Gravity  has  been  neglected,  but  should  be  incorporated  after 
flow  separation  occurs.  The  loads  after  flow  separation  have 
been  found  to  be  non-negligible.  The  simplified  method  has 


been  generalized  to  3-D  axisymmetric  flow  without  flow 
separation.  In  order  to  verify  the  3-D  method,  water  entry  of 
axisymmetric  bodies  with  small  local  deadrise  angles  are 
studied  analytically.  An  inner  domain  solution  for  the  jet  flow 
is  matched  to  an  outer  solution  and  a  composite  solution  for 
the  pressure  is  presented.  Verification  and  validation  tests  for 
spheres  and  cones  are  reported.  It  is  demonstrated  that  the 
local  rise-up  of  the  water  is  also  important  during  water  entry 
of  a  blunt  3-D  structure.  A  common  formula  for  the  impact 
force  in  terms  pf  the  time  derivative  of  added  mass  is 
discussed.  It  is  only  recommended  to  use  this  formula  as  long 
as  the  local  deadrise  angle  is  small. 
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SUMMARY 

The  problem  of  a  two-dimensional  body  impacting  a 
free  surface  is  studied  using  potential  theory.  When 
the  angle  (or  its  tangent)  between  the  body  and  the 
free  surface  is  very  small,  i.e.  when  the  free  surface 
and  the  body  are  almost  parallel,  the  method  of 
matched  asymptotic  expansions  provides  a  first  or¬ 
der  composite  solution.  This  solution  includes  three 
subdomains:  the  far-held,  the  spray  root  and  the 
jet  domains.  This  asymptotic  solution  appears  to 
be  a  good  approximation  of  the  nonlinear  solution, 
even  for  large  values  of  the  small  parameter.  In 
this  paper,  the  asymptotic  expansion  for  a  wedge 
with  small  deadrise  angle  is  extended  up  to  second 
order  for  the  far-held  problem.  This  allows  the 
jet  volume  to  be  taken  into  account  within  the 
composite  solution.  Then,  a  direct  time  domain 
simulation  of  the  problem  is  performed  using  a 
mixte  eulerian-lagrangian  method.  In  order  to 
overcome  the  numerical  difficulties  that  arise  at  the 
body- free  surface  intersection,  a  special  numerical 
treatment  is  introduced,  based  on  the  asymptotic 
solution  describing  the  jet.  This  treatment  allows 
the  inhuence  of  the  jet  to  be  accounted  for  without 
having  to  actually  compute  the  how  in  the  jet. 


1.  INTRODUCTION 

The  water  entry  problem  has  led  to  numerous  study 
since  the  early  thirties  and  the  pioneering  work  of 
Von-Karman  [13]  and  Wagner  [14].  As  a  model,  the 
two-dimensional  water  entry  of  a  wedge  at  constant 
vertical  speed  into  a  free  surface  initially  at  rest 
will  be  discussed  here.  The  wedge  is  supposed  to 
be  rigid,  the  fluid  perfect  and  the  flow  irrotationnal. 
This  problem  is  one  of  the  simplest  example  of 
the  violent  deformation  of  the  free  surface  in  the 
vicinity  of  a  moving  surface  piercing  body.  It  is 
nevertheless  strongly  nonlinear  because  of  the  free 
surface  boundary  conditions  which  not  only  include 
quadratic  terms  but  also  are  written  on  an  a  priori 
unknown  boundary. 


For  a  numerical  resolution  of  the  problem,  the 
Mixted  Eulerian-Lagrangian  method  (MEL)  ap¬ 
pears  particulary  well  suited  for  the  study  of  free 
surface  potential  flows  (e.g.  Cointe  [2]).  However, 
the  use  of  this  method  is  not  straightforward  here 
because  of  the  jet  that  develops  at  the  intersection 
between  the  free  surface  and  the  impacting  body. 
The  existence  of  this  jet,  the  thickness  of  which 
is  small  compared  to  the  characteristic  length 
of  the  structure,  leads  to  a  large  increase  of  the 
computationnal  time.  This  stems  from  the  fact 
that  the  spatial  discretisation  needs  to  be  fine 
enough  to  capture  the  jet  and  that  the  numerical 
time-step  needs  to  fit  both  the  spatial  discretisation 
and  the  time  evolution  of  the  jet.  The  jet  can 
not  be  ignored,  however,  if  one  wishes  to  estimate 
quantities  such  as  the  force  imposed  on  the  body. 
Molin,  Cointe  and  Fontaine  [10]  show  that  at  the 
beginning  of  the  impact,  half  the  energy  given  to 
the  fluid  corresponds  to  kinetic  energy  of  the  jet.  A 
way  to  overcome  these  difficulties  and  to  achieve  the 
numerical  resolution  of  the  problem  is  to  simulate 
most  of  the  flow  using  the  MEL  method  and  to 
introduce  a  local  model  in  order  to  take  account  of 
the  influence  of  the  jet  on  the  flow.  This  approach 
will  be  used  here,  using  asymptotic  methods  to 
study  the  local  flow. 


2.  ASYMPTOTICS  SOLUTIONS 


2.1  Self-similar  flow 

Dimensional  analysis  allows  to  express  the  potential 
as  (see  fig.  1  and  2  for  notations): 


For  very  small  time  or  for  very  large  impacting 
speeds,  i.e.  when  gt/V  <  1,  gravity  effects  can  be 
neglected.  The  only  length  scale  in  the  problem  is 
then  the  immersion  Vt  oi  the  wedge.  The  flow  is 
therefore  self-similar  and  the  number  of  independant 
variables  can  be  reduced  from  three  -x,  y,  t-  to  two: 


=  VHf2( 


Vt’  vt 
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Figure  1;  Illustration  of  the  different  subdomains  of  the  composite  solution. 


The  self-similar  nature  of  the  problem  allows  a 
mathematical  study  of  this  strongly  nonlinear  flow. 
Wagner  [14]  demonstrated  an  arc  length  conserva¬ 
tion  property  along  the  free  surface.  This  means 
that  the  free  surface  deformation  is  similar  to  that 
of  a  sheet  of  paper.  Wagner  used  this  property  to 
introduce  a  mapping  allowing  to  map  the  unknown 
and  unbounded  fluid  domain  to  a  domain  bounded 
by  straight  lines.  Dobrovol’skaya  [3]  reduced  the 
problem  to  the  resolution  of  an  integral  equation. 
It  is  only  very  recently,  however,  that  Fraenkel  and 
McLeod  [6]  produced  an  existence  and  uniqueness 
proof.  When  the  free  surface  and  the  body  are 
initially  almost  parallel  (tan0  <  1),  Fraenkel  and 
McLeod  [6]  obtained  an  asymptotic  expansion  of 
the  exact  solution  expresssed  in  terms  of  the  small 
parameter  tan0. 

2.2  First  order  composite  solution 
In  the  same  configuration,  a  more  heuristic  approach 
based  on  the  matched  asymptotic  expansions  can 
be  used.  A  first  order  composite  solution  (e.g. 
Cointe  [1],  Howison,  Ockendon  et  Wilson  [7])  can 
be  obtained  taking  tan0  as  small  parameter.  This 
method  leads  to  defining  three  different  zones  in 
which  three  eisymptotic  expansions  are  performed 
(see  fig.l): 

•  The  far  field  (or  outer)  flow  is  defined  on  a 
length  scale  equal  to  the  wedge  wetted  width 
\Vt/  tan^.  This  flow  is  given  by  the  flow  with¬ 
out  free  surface  around  a  flat  plate  of  width  the 
wetted  width. 

•  The  spray  root  (inner  flow)  is  defined  on  a  length 
scale  equal  to  AFftan^.  The  flow  is  given  in 
this  zone  by  a  steady  free  surface  flow  with  jet. 
The  inner  solution  depends  on  two  parameters: 
the  thickness  of  the  jet  and  the  position  of  the 
stagnation  point. 


•  The  jet  itself  is  defined  on  a  length  scale  equal  to 
the  wedge  wetted  width  but  on  a  thickness  scale 
equal  to  the  thickness  of  the  jet  in  the  spray 
root.  The  flow  in  the  jet  is  governed  by  shallow 
water  equations. 

Matching  these  three  solutions  allows  the  determina¬ 
tion  of  the  jet  thickness  and  of  the  wetted  width.  The 
resulting  composite  solution  is  in  very  good  agree¬ 
ment  with  the  expansion  of  the  exact  solution  per¬ 
formed  by  Fraenkel  and  McLeod  [6].  In  particular, 
in  the  limit  where  9  goes  to  zero,  the  arc  length  con¬ 
servation  property  is  satisfied  and  the  value  of  the 
intersection  angle  between  the  jet  and  the  wedge  is 
correctly  estimated: 


2.3  Pressure  distribution 

Different  composite  solutions  for  the  pressure  dis¬ 
tribution  are  proposed  by  Wagner  [14],  Cointe  [1] 
and  Zhao  &  Faltinsen  [15].  The  inner  and  outer 
solutions  are  the  same  in  these  three  references, 
even  different  notations  are  used.  Nevertheless,  the 
composite  solutions  for  the  pressure  distribution 
differ  since  different  matching  procedure  are  used 
to  match  outer  and  inner  solutions.  Wagner  [14] 
and  Zhao  &:  Faltinsen  [15]  used  classical  matching 
procedure  as  describe  in  ref.  [12]  and  [8].  In  that 
case,  the  position  of  the  stagnation  point  remains 
undetermined  at  first  order.  From  a  theoretical 
point  of  view,  this  parameter  should  be  determined 
by  matching  the  inner  solution  and  the  second 
order  outer  solution.  Cointe  [1]  proposed  to  fix 
this  parameter  by  matching  inner  and  outer  so¬ 
lutions  for  the  maximum  pressure.  Even  being 
not  completly  coherent,  this  matching  enables  one 
to  account  for  second  order  effects  in  a  very  sim¬ 
ple  and  practical  way  as  will  be  demonstrated  below. 
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The  pressure  distribution  can  be  characterised 
(see  fig. 2  )  by  the  maximum  pressure  coefficient 
Cpmax,  the  location  Pmax  on  the  wedge  of  the 
pressure  pic,  the  width  AS  of  the  pressure  pic  at 
half  height,  and  the  vertical  force  Fy,  i.e.,  the  area 
of  the  pressure  distribution. 


Figure  2;  Characteristic  parameters  describing  the  pressure 
distribution. 


ymax/  (rt/2-1).Vt 


Figure  5:  Non-dimensionalized  position  Umax  of  pressure 
pic  during  water  entry  of  a  wedge  with  constant  downward 
velocity  V.  Presented  as  a  function  of  the  deadrise  angle  9. 


All  these  quantities  are  ploted  in  figure  3  to  6.  Good 
agreement  is  observed,  even  for  relatively  large 
values  of  9,  when  comparing  with  the  numerical 
solution  obtained  by  Zhao  &  Faltinsen  [15]  using 
Dobrovol’skaya’s  approach  [3]. 
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Figure  3;  IMon-dimensionalized  maximum  pressure  coeffi¬ 
cient  during  water  entry  of  a  wedge  with  constant  downward 
velocity  V.  Presented  as  a  function  of  the  deadrise  angle  9. 


AS/xmax 


Figure  4:  IMon-dimensionalized  width  AS  of  pressure  pic 
at  half  height  during  water  entry  of  a  wedge  with  constant 
downward  velocity  V.  Presented  as  a  function  of  the  deadrise 
angle  9. 


Figure  6:  Non-dimensionalized  vertical  force  Fy  during  wa¬ 
ter  entry  of  a  wedge  with  constant  downward  velocity  V.  Pre¬ 
sented  as  a  function  of  the  deadrise  angle  9. 


The  vertical  force  is  obtained  by  numerical  in¬ 
tegration  of  the  composite  pressure  distribution. 
This  enables  to  account  for  second  order  effects 
since  the  spray  root  domain  is  taken  into  account. 
However,  an  exact  second  order  estimation  of  the 
force  would  need  the  second  order  outer  solution  to 
be  matched  with  the  spray  root  solution.  Figures 
7  and  8  show  a  comparison  between  numerical 
results  and  experiments  by  Zhao,  Faltinsen  and 
Aarsnes  [16]  for  the  water  entry  of  a  wedge  with 
deadrises  angle  9  =  30®.  Good  agreement  is 
obtained  for  the  prediction  of  vertical  force  and 
pressure  coefficient.  The  mesured  vertical  velocity 
is  used  to  perform  the  simulation  but  Magee  & 
Fontaine  [9]  present  a  coupled  approach  where  the 
force  and  the  motion  are  computed  simultaneously. 
The  differences  that  appear  between  the  numerical 
and  experimental  results  at  this  end  of  the  simula¬ 
tion  come  from  the  fact  that  the  flow  separates  and 
the  jets  develop  in  the  air  instead  of  along  the  wedge. 

The  asymptotic  solution  can  also  be  extented 
to  the  case  of  blunt  bodies  of  arbitrary  shape  and/or 
for  curved  but  flat  free  surface  (Cointe,  [1]).  From 
a  practical  point  of  view,  the  numerical  integration 
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of  the  composite  pressure  distribution  by  Cointe  [1] 
leads  to  a  robust  and  easy  way  to  estimate  impact 
loads. 


F(N) 


Figure  7:  vertical  force  Fy  during  water  entry  of  a  wedge 
with  deadrise  angle  6  —  30®. 


Figure  8:  Coefficient  pressure,  along  a  wedge  with  deadrise 
angle  6  =  30®,  immersed  at  h  at  the  beginning  of  the  impact 
(t=0.00435s). 


3.  SECOND  ORDER  OUTER  SOLUTION 

However,  the  composite  first  order  solution  de¬ 
scribed  below  satisfy  only  volume  conservation  at 
order  (Vt)^/ tan0.  The  jet  volume,  of  order  (Vt)^, 
is  neglected.  In  order  to  take  it  into  account,  it  is 
necessary  to  solve  the  outer  problem  at  second  order. 


3.1  Outer  flow 

The  first  order  outer  solution  is  given  by  the  flow 
without  free  surface  around  a  flat  plate  [14].  This 
solution  is  singular  near  the  edges  of  the  plate,  i.e.  at 
the  intersection  between  the  outer  expansion  of  the 
free  surface  and  the  wedge.  This  singularity  leads 
to  the  formation  of  a  jet  in  the  vicinity  of  this  in¬ 
tersection  point  {XVt/ta,nO,  (1  —  \)Vt).  In  order  to 
express  the  second-order  problem,  a  change  of  vari¬ 
able  is  performed.  This  allows  the  singularity  to  be 
locate  at  the  point  of  coordinate  (1,0).  The  new 
variables  are  thus  given  by: 


X  iaxiO 
XVt  ’ 


y  tan  $  „ ,  1 , 


d  = 


<j)  tan0 
XVH  ’ 


and  i  =  tjT,  where  T  is  the  time  scale.  The  potential 
must  satisfy  Laplace  equation  in  the  fluid  domain 
and  the  following  boundary  conditions: 


•  on  the  free  surface  (y  =  fj^x),  *  >  1) 


^  F  i -  X  ii  -  [y  +  t&nO  {I  -  i)] 

tan  gT  -  I  ^  ,  1,1 

+  -^  V(^  ■  V0  -f  ^  <  1^77  -f  tan  ^  (1  -  -)j  =  0 


V+ ifji  +  ta.n9{l  -  j)  -  xrii  (1) 

tan^  /  -  7 

H  {'Hi  YX  ~~  ^y)  —  0, 

•  on  the  wedge  (y  =  tan0(x  -  1),  0  <  i  <  1) 

<pi  tan  B  —  ^y  =  \ 

*  and  on  the  axis  of  symmetry  (x  =  0,  y  <  tan0) 

=  0 

When  gTjV  is  much  smaller  than  1,  gravity  can  be 
neglected.  One  can  look  for  a  solution  independant 
of  t.  This  is  just  the  self-similar  solution. 

3.2  First  order  outer  solution 

The  following  asymptotic  expansions  are  assumed: 

b  =  ^0  +  0(1),  f]  —  tan  B  rji  +  o{tan  $) , 

X  =  Ao  +  0(1) 

At  first  order,  the  harmonic  potential  <^o  must  satisfy 
the  following  boundary  conditions: 


4^0y 

=  -1> 

y  = 

0, 

0  <  X  <  1 

^0 

=  0, 

y  = 

0, 

X  >  1 

=  0, 

X  = 

0, 

y  <  0 

This  is  a  classical  problem,  corresponding  to  the  flow 
without  free  surface  around  a  flat  plate  of  unit  width. 
The  complex  potential  corresponding  to  this  flow  is 
given  by: 

^0  +  fV'o  =  -fvz-  —  1  -f  iz, 

where  z  =  x  F  iy.  The  free  surface  elevation  is 
obtained  by  integrating  the  free  surface  kinematic 
boundary  condition  (1)  that  can  be  written  at  first 
order  for  y  =  0  and  x  >  1: 

)- 

where  %oo  =  ~(1“  I/'^o)-  Since  (^1  —  ijioo)  vanishes 
at  infini,  this  leads  to: 

1  ,  ,  .  .1, 

-  Vioo  =  T-(-l  +  X  arcsin  -) 

Aq  X 


^  /Vl  i?loo\  _  1  /  0Oy 

dx '  X  x^  Ao 
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In  order  to  determine  the  value  of  the  parameter  Aq, 
it  is  necessary  to  use  the  volume  conservation.  Even- 
thong  volume  conservation  is  automatically  satisfied 
since  Laplace  equation  is  solved,  the  self-similar  na¬ 
ture  of  the  flow  does  not  allow  initial  conditions,  and 
in  particular  initial  volume,  to  be  remenbered.  At 
first  order,  only  the  outer  solution  has  to  be  taken 
into  account  and  volume  conservation  leads  to: 


jvt? 

2tan^ 


=  (A-1)- 


(Vt? 

2tan0 


This  can  also  be  written  using  non-dimensionnal 
variables: 


(Aq  —  1)^  +  2 


-  fii^)dx  =  1 


Solving  this  equation  leads  to  Aq  =  7r/2.  This  indeed 
corresponds  to  the  classical  first  order  solution 
([14],  [1]  and  [7]).  The  free  surface  and  the  wedge 
intersects  in  x  =  Aq.  The  solution  is  however  singu¬ 
lar  at  this  point  because  the  fluid  velocity  and  the 
slope  of  the  free  surface  are  unbounded  in  its  vicinity. 


3.3  Second  order  outer  solution 

The  following  asymptotic  expansions  are  assumed: 

(j)  =  (f)o  +  ta.n9  <1)1  +  o(tand), 

T]  =  tan  0  -I- tan"  0  172 -T  o(tan^  0), 

A  =  Aq -b  tan  ^  Ai -f  o(tan5) 


The  linearized  second  order  problem  is  obtained 
through  a  Taylor  expansion  of  the  potential  and  the 
free  surface  elevation  (these  functions  being  assumed 
regular  enough  in  the  vicinity  of  the  wedge  and  the 
free  surface).  The  harmonic  potential  has  to  sa¬ 
tisfy  the  following  boundary  conditions: 

•  on  the  free  surface  (y  =  0,  x  >  1): 


d  /  \ 


(2) 


d  ff}2~  ^2oc  \ 
dx  '■  X 


(3) 


•  on  the  wedge  (y  =  0,  0  <  x  <  1): 

•^ly  —  0Or  (^  ^)d0yy! 


•  and  on  the  axis  of  symmetry  (y  =  0,  x  >  1): 


—  flj 


where  r)2oo  =  •“Ai/Ag. 

As  for  Aq,  the  value  of  the  parameter  Ai  is  obtained 
by  writting  volume  conservation  for  the  composite 


solution.  At  second  order,  the  jet  volume  has  to  be 
taken  into  account: 


Mi 

2tan0 


(A -1)2 


Ml 

2  tan  9 


dx  -b  eA 


M! 

2 


where  e  =  tt/SAq  is  the  jet  thickness  in  the  spray 
root  [14].  Solving  this  equation  for  Ai  leads  to: 


The  problem  for  and  7)2  is  solved  numerically. 
The  free  surface  dynamic  boundary  condition  (2)  is 
integrated,  starting  from  “infinity”.  The  asymptotic 
behaviour  of  the  solution  is  used  to  set  the  initial 
value  of  the  potential.  The  integration  is  then 
performed  using  a  classical  4**  order  Runge-Kutta 
algorithm.  Once  the  boundary  conditions  for  the 
potential  and  its  normal  derivatives'  are  known, 
Laplace  equation  is  solved  numerically  using  a 
classical  boundary  integral  method  (see  §4,  eq.  (7)). 
The  free  surface  elevation  rjn  is  then  obtained  by 
integrating  the  free  surface  kinematic  boundary 
condition  (3)  starting  from  “infinity”  and  using  the 
asymptotic  behaviour  of  (7)2  —  ijzoo)-  This  is  however 
only  possible  if  the  value  of  Ai  is  known.  Equations 
(3)  and  (4)  are  thus  solved  iteratively  until  the  con¬ 
vergence  of  the  solution  procedure  is  reached.  The 
convergence  of  the  resolution  procedure  has  been 
checked  by  comparing  numerical  and  theoretical 
results  obtained  at  first  order. 


Asymptotics  solutions  at  first  order  and  second 
order  for  a  deadrise  angle  9  =  7r/20  are  schown  in 
figure  9.  The  free  surface  elevation  at  second  order 
in  the  outer  domain  is  slightly  smaller  than  that 
at  first  order.  This  stems  from  the  fact  that  by 
hypothesis,  the  volume  between  the  two  curves  is 
just  equal  to  the  volume  of  the  jet.  The  second  order 
correction  is  small,  but  significant  in  the  vicinity  of 
the  wedge.  The  numerical  value  obtained  for  Ai  is 
very  small  (Ai/Aq  ~  lO"^)  so  that  there  is  almost  no 
second  order  correction  to  the  wetted  width.  These 
two  asymptotic  solutions  can  be  compared  to  the 
second  order  approximation  presented  by  Fraenkel 
&  McLeod  [6].  If  all  solutions  have  a  similar 
behaviour,  a  precise  comparison  is  made  difficult  by 
the  fact  that  the  solution  [6]  satisfies  the  boundary 
conditions  on  an  approximate  geometry  (at  second 
order)  while  the  exact  geometry  (but  approximated 
equations)  are  taken  into  account  for  the  asymptotic 
solutions.  A  more  precise  comparison  could  be 
obtained  on  the  pressure  and  the  second  order 
impact  force,  but  this  would  necessitate  to  perform 
matching  between  the  outer  and  inner  solution  at 
second  order.  This  work  is  currently  under  progress. 
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Figure  9:  Comparison  of  the  different  asymptotic  solutions  for  9  =  7r/20. 


4.  TIME  DOMAIN  SIMULATION 


4.1  Description  of  the  MEL  method 
The  direct  time  domain  simulation  of  the  flow  is 
performed  using  the  Mixed  Eulerian-Lagrangian 
method.  Markers  are  located  on  the  free  surface  and 
followed  in  their  motion.  This  lagrangian  approach 
allows  the  free  surface  boundary  conditions  to 
be  easily  taken  into  account.  The  velocity  field 
is  computed  efficiently  using  a  boundary  integral 
approach  (eulerian  description  of  the  flow). 


The  lagrangian  formulation  of  the  free  surface 
conditions  leads  to: 


D(j>  1 

a  =  -”+2 

Dx  . 

Dt  ds  ^  dn  ” 


(4) 

(5) 


where  X  =  {x,  y)  G  rd(<)  is  the  position  of  a  marker 
on  the  free  surface  and  <f)  is  the  associated  potential. 
D/Dt  is  used  for  the  material  derivative  and  s  and  n 
are  unit  vectors  tangent  and  normal  to  the  free  sur¬ 
face. 

Boundary  conditions  on  the  body  and  on  the  axis  of 
symmetry  leads  to  Neumann  boundary  condition  for 
the  potential  on  these  borders  (r„). 

Far  away  from  the  body,  the  first  order  outer  asymp¬ 
totic  solution  enables  to  conclude  that  the  potential 
behaves  like  those  generated  by  a  two  dimensional 
vertical  dipole  placed  at  origin: 


<j)  ~  A{t) 


y 


(6) 


In  order  to  take  into  account  properly  the  behaviour 
at  infinity  of  the  solution  (see  Fontaine,  [4]),  the  fluid 
domain  is  bounded  by  a  circular  control  surface  F^ 
on  which  a  Fourier  boundary  condition  is  imposed: 


dd) 

0  +  r  —  =  0 
an 


where  r  =  +  y~- 

As  the  potential  has  to  satisfy  Laplace  equa¬ 
tion  A(f)  =  0  together  with  the  boundary  conditions 
on  r„  and  F^,  the  problem  can  be  reduced  to  a  set 
of  evolution  equations  (4)-(5)  for  (d>,X).  This  stems 
from  the  fact  that  if  at  a  given  instant  d)  and  dd>/dn 
are  known  along  Fd  and  F„,  respectively,  the  right 
hand  sides  of  equations  (4)-(5)  can  be  calculated. 
For  that  purpose,  the  following  boundary  integral 
equation  is  used: 

9{M)d>{M)  =  J^d>{P)^{M,P)dsp  (7) 

where  M  is_^a  point  on  the  border  E  =  F„  -f  Fj  -|-  Fr , 
G  =  ln||MP||,  is  the  Green  function  for  a  simple 
source,  9{M)  is  the  angle  between  the  two  tangents 
to  the  boundary  at  M  {0{M)  =  tt  if  the  boundary 
is  regular)  and  s  is  a  curvilinear  abscissa  along  S. 
Equation  (7)  is  discretised  using  a  standart  colloca¬ 
tion  method.  The  boundary  of  the  domain  is  ap- 
proximed  by  straight  lines  elements  along  which  d> 
and  dd>/dn  are  assumed  to  vary  linearly.  This  al¬ 
lows  the  Green  function,  its  normal  derivative  G'n 
and  their  products  by  the  curvilinear  abscissa  to  be 


a;2  +  y2 
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integrated  analytically.  Computations  are  therefore 
simple,  accurate,  and  can  easily  be  vectorised  on  a 
paralell  computer.  Using  the  previous  hypothesis, 
the  discretised  form  of  equation  (7)  is; 

=  (8) 

where  the  influence  coefflcients  .4,j  and  Bij  are  only 
dependent  of  the  geometry  of  the  problem  and  are 
given  by  the  classical  expressions: 

A-ij  —  Ai  fj  -|-  A2ij  Oi  Sij 

1  /-’j  S  i  /”■' 

Ax  ij  =  -  /  sGnds - - -  /  Gn  ds 

Sj  — 1  Jsj-i  — 1  Jsj^i 

C.,1  r^3  +  l  1  +  l 

A2ij=  - /  sGnds 

Sj+i  sj  Jg.  ^7+1  Jsj 

and 

Bij  —  Bx  ij  -f*  B2  ij 

Bx  ij  =  -  /  sGds - — -  Gds 

~  *j-l  Jsj-i  U  ~  *j-l  Jsj-I 

o .  ,  ,  r’i+i  1  /'«7+i 

S2.i=  .  /  Gds - /  sGds 

Sj-1-1  SJ  dij  Sj  +  1  Sj  djj- 

Equations  (8)  can  be  rearranged  so  that  the  un¬ 
knowns  (potential  on  r„  and  F^.  and  its  normal 
derivative  on  Fd)  are  put  in  left  hand  side  {X}  while 
known  quantities  are  moved  to  right  hand  side  {bb]. 

The  linear  matricial  system  that  results  from  collo¬ 
cation  has  the  form: 

[AA]{X}  =  {bb}  (9) 

and  is  solved  by  the  GMRes  iterative  scheme  (see 
[11]),  using  the  solution  at  the  preceding  time-step 
as  initial  guess.  A  finite  centered  difference  scheme 
is  used  to  evaluate  the  tangential  derivative  of 
the  potential  d(f>/ds  along  the  boundary  and  the 
evolution  equations  (4)- (5)  are  integrated  numeri¬ 
cally  using  the  4*^  order  Adams-Bashforth-Moulton 
method. 

The  MEL  method  has  been  tested  and  thor- 
oughfully  validated  for  numerous  applications 
related  to  wave  generation  and  seakeeping  (e.g. 
Cointe  [2]).  Its  application  to  water  entry  problem 
is  still  delicate,  however,  because  of  the  strongly 
non-linear  character  of  this  problem.  The  flow  is 
almost  undisturbed,  except  in  the  close  vicinity 
of  the  body  where  the  jet  is  created.  Difficulties 
to  correctly  model  the  flow  are  related  to  the 
numerical  treatment  of  the  flow  in  the  vicinity  of 
the  intersection  point.  This  is,  actually,  the  difficult 
point  in  most  numerical  resolution  of  free  surface 
potential  flows.  When  a  jet  is  present,  difficulties 
are  made  worse  because  of  the  strong  nonlinearities 
that  exist  close  to  this  intersection. 


4.2  Special  treatment  for  the  jet  flow 
The  asymptotic  analysis  described  above  suggest 
that  the  jet  flow  is  described  by  shallow  water  equa¬ 
tions  without  gravity.  For  a  straight  body  bound¬ 
ary,  the  fluid  contained  in  the  jet  has  a  solid  body 
motion.  This  asymptotic  solution  has  been  used  in 
order  to  develop  a  local  model  allowing  the  influence 
of  the  jet  on  the  remaining  part  of  the  flow  to  be 
accounted  for.  The  jet  is  truncated  normally  to  the 


Figure  10:  local  flow  within  the  jet. 

body  boundary  as  soon  as  its  thichness  becomes  of 
the  order  of  magnitude  of  a  segment  of  the  grid  (fig. 
10).  A  new  segment  is  then  introduced  to  bound  the 
fluid  domain.  Along  this  segment,  the  normal  deriva¬ 
tive  of  the  potential  is  imposed  constant,  equal  to 
the  tangential  velocity  on  the  body  boundary.  The 
fluid  tangential  velocity  across  the  jet  is  therefore 
constant,  equal  to  its  value  on  the  body  boundary. 
The  tangential  derivative  of  the  potential  along  the 
segment  cutting  the  jet  is  also  cissumed  to  be  con¬ 
stant,  but  not  necessarilly  equal  to  its  value  on  the 
body  boundary.  This  leaves  an  extra  degree  of  free¬ 
dom  to  the  solution.  This  approximations  are  used 
in  the  calculation  of  the  influence  coefficients.  This 
leads  to  (see  Fontaine,  [4]): 


—  —9iSik  -b  Axik  +  A2ik 

Bi^k-i 

=  B2i,k-X 

1 

rSk 

Aik 

—  ^ibik  T  Axik  T  ^2ik 

/  Gds 

Sfc  +  1  -  Sk  . 

Jsk~l 

Bi,k 

-  Bxi,k 

1 

pSk 

-4i,A:-|-l 

—  diSik  +  Axik  +  Aoj-fe  -f- 

/  Gds 

dsk-l 

=  Bxi,k+x  +  B2i,k+i 

During  the  simulation,  a  new  segment  cutting  the  jet 
is  introduced  as  soon  as  the  jet  thickness  becomes  to 
small  (as  compared  to  the  length  of  a  grid  segment) . 
This  algorithm  revealed  robust  (fig.  11).  It  led 
to  a  good  agreement  with  the  solution  computed 
by  Zhao  &  Faltinsen  [15]  using  DobrovoFskaya’s 
method  [3].  It  can  also  be  notice  on  figure  12 
that  the  first  order  outer  expansion  of  the  free 
surface  elevation  is  in  good  agreement  with  the  non¬ 
linear  solution,  even  the  value  of  6  is  relatively  large. 


(lA)  /  A 
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Figure  11:  Temporal  evolution  of  the  free  surface  in  the 
vicinity  of  the  wedge  (9  =  7r/4). 


Figure  12:  Comparison  between  the  numerical  self-similar 
solution  and  the  first  order  outer  expansion  of  the  free  surface 

{9  =  n/4). 


5.  CONCLUSIONS 

Practical  ways  to  compute  impact  loads  using 
asymptotic  theories  are  discussed.  The  numerical 
integration  of  the  first  order  composite  solution  for 
the  pressure  distribution  presented  by  Cointe  [1] 
revealed  to  be  an  easy,  robust  and  accurate  method. 
Results  were  also  obtained  that  show  that  water 
entry  can  be  simulated  using  the  Mixte  Eulerian 
Lagrangian  method  and  a  local  model  describing 
the  influence  of  the  jet  on  the  remaining  part  of  the 
flow.  This  local  model  is  the  result  of  an  asymptotic 
analysis  of  the  problem.  At  first  order,  the  jet  flow 
is  described  by  shallow  water  equations  without 
gravity.  The  hyperbolic  nature  of  these  equations 
allows  the  influence  of  the  jet  to  be  accounted  for 
without  having  to  actually  compute  the  flow  in  the 
jet.  The  analysis  that  was  described  in  the  case  of 
a  wedge  can  be  extended  to  arbitrary  geometries  as 
long  as  the  angle  between  the  tangent  to  the  body 
and  to  the  free  surface  remains  small  ([1],  [7]).  Work 
is  underway  to  extend  these  numerical  results  to 
water  entry  for  a  body  of  arbitrary  shape. 


One  of  the  authors  (E.  Fontaine)  wishes  to  express 
his  gratitude  to  the  French  Departement  of  Defense, 
DRET,  for  supporting  this  study.  By  the  way,  a 
partial  french  traduction  of  this  paper  is  given  in 
ref.  [5]. 
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1.  SUMMARY 

This  paper  describes  main  results  of  experimental 
and  theoretical  investigations  of  slender  body  mo¬ 
tion  stability  when  it  enters  water  and  moves  un¬ 
derwater  in  supercavitation  conditions,  being  made 
in  Institute  of  Hydromechanics.  Experimental  in¬ 
vestigations  allowed  to  study  flows,  occurred  in  the 
situation  considered  and  get  data  for  developing 
mathematical  models  of  flows.  Previously  known 
theoretical  relations  for  forces,  acting  the  body  are 
defined  more  exactly  and  new  ones  are  derived. 
Mathematical  model  of  body  motion  in  supercavi- 
tating  regime  is  delivered. 

2.  INTRODUCTION 

There  was  a  grate  interest  to  problems  of  a  slender 
body  motion  when  it  enters  water  at  high  speed  or 
moves  underwater  at  supercavitating  regime  from 
60  -  s  till  to  beginning  of  90  -  s  years.  Results 
of  these  investigations  were  published  in  works  of 
Logvinovich  G.V.,  Parishev  E.V.  [8,9],  Juravlev 
Yu.F.  [3,4],  Guzevsky  L.G.[2],  Moran  J.P.  [20], 
Kazite  Tikao  [21],  A. May  [24]  and  others. 

A  complex  of  theoretical  and  experimental  works 
concerning  stability  of  slender  body  motion  under 
situation  considered  were  conducted  at  the  Insti¬ 
tute  of  Hydromechanics  then. 

Experimental  investigations  included  experiments 
with  freely  moving  models,  being  launched  by  de¬ 
vice,  that  was  put  above  water  surface,  and  exper¬ 
iments  with  models,  installed  in  a  water  flow  at 
water  tunnel. 

The  main  aim  of  the  first  kind  experiments  was 
investigation  of  processes,  that  went  when  a  body 
entered  the  water,  and  influence  of  different  body 
features  on  these  processes.  Experiments  at  water 
tunnel  enabled  to  study  flow  near  body  and  some 
its  elements  in  details  and  to  obtain  data  necessary 
to  develop  mathematical  models  of  motion. 

The  main  aim  of  theoretical  investigations,  con¬ 
ducted  at  the  Institute  of  hydrodynamics,  was  to 


take  into  account  some  new  factors,  that  had  not 
been  considered  previously.  Influence  of  elements, 
intersecting  a  cavity  surface,  interaction  of  two 
bodies,  that  moved  one  behind  another,  effect  of 
side  forces,  appearing  at  body  head  on  the  motion 
stability  was  investigated.  Influence  of  inner  cavity 
medium  was  studied  also.  Some  theoretical  solu¬ 
tions  that  relate  hydrodynamic  and  aerodynamic 
forces  to  cinematic  parameters  of  motion. 

Mathematical  models  of  body  motion,  based  on  re¬ 
sults  of  the  said  theoretical  and  experimental  re¬ 
sults  were  constructed  and  programs  to  calculate 
body  trajectory  were  elaborated. 

3.  EXPERIMENTS  WITH  FREELY 
MOVING  MODELS 

Special  aims  of  experiments  with  freely  moving 
models  were: 

-  to  investigate  conditions  of  stable  water  entrance; 

-  to  investigate  process  that  take  place  when  body 
divides  into  parts  in  water; 

-  to  investigate  conditions  of  rapid  speed  brake  and 
transition  to  smooth  flow; 

-  to  investigate  process  of  air  transport  at  under¬ 
water  trajectory  after  water  entrance. 

3,1.  Equipment 

Equipment,  used  for  experiments,  was  created  dur¬ 
ing  work. 

Pneumatic  launching  device  (catapult)  was  created 
to  launch  models.  It  was  installed  above  hydraulic 
water  tunnel  with  glass  side  walls.  It  was  possible 
to  change  inclination  of  its  barrel  and  an  angle  be¬ 
tween  the  barrel  axes  and  the  model  axes.  So  it  was 
possible  to  change  an  angle  between  the  model  ve¬ 
locity  and  horizon  and  between  the  model  velocity 
and  the  model  axis  and  to  investigate  the  model 
motion  under  different  trajectory  inclination  and 
different  model  incidence. 

A  special  installation  was  created  later.  It  con¬ 
sisted  of  cylindrical  tank,  that  could  be  installed 
under  different  angles  to  horizon  (  Fig.  1).  There 
was  a  catapult,  windows  and  device  to  capture 
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models  on  the  tank.  It  was  thought,  that  there 
would  be  a  system  of  pressure  control  and  a  sys¬ 
tem  of  underwater  launch  on  the  installation. 

Some  difficulties  appeared  when  models  tested  at 
very  low  inclinations  of  trajectory.  Essence  of  these 
difficulties  arose  from  very  low  position  of  catapult, 
otherwise  a  model  path  in  an  air  was  too  long.  As 
a  result  an  entrance  points  of  models  with  little 
difference  in  parameters  (  say,  the  same  model  with 
ring  nozzle  2  and  4  mm  wide)  were  significantly 
different.  Two  ways  were  proposed  to  overcome 
the  difficulty;  to  use  water  tunnel  and  to  use  high 
speed  towing  tank  (hydrostand) . 

We  refused  from  first  way  as  the  water  surface  at 
the  pipe  was  too  bad. 

The  second  way  consisted  of  model  being  hanged 
under  the  towing  tank  carriage  and,  after  the  car¬ 
riage  had  reached  full  velocity,  being  dropped  at 
desired  path  point.  Camera  shot  down  the  follow¬ 
ing  model  motion. 

Maximum  velocity  of  the  carriage  is  over  20  m/s. 
This  velocity  is  comparable  to  model  velocity, 
achieved  at  most  of  installations  of  conventional 
type. 

There  are  some  advantages  of  the  method.  It  makes 
it  possible  to  use  grate  models,  to  shoot  by  camera, 
that  moves  with  a  model  velocity,  to  investigate 
a  model  entrance  through  a  wavy  surface.  Very 
small  drop  height  corresponding  to  low  trajectory 
inclination  angle  is  the  main  disadvantage. 

3.2.  Water  entry 

After  model  tonch  a  water  surface  its  motion  can 
change  itself  significantly.  Some  typical  forms  of 
motion  are  distinguished  [3,9,13,16,21,23].  The 
main  features  of  them  are: 

-  the  model  motion  changes  little  after  water  entry; 

-  the  model  reflects  from  water  surface  and  moves 
in  nearly  previous  position  in  air; 

-  the  model  touches  water  surface  and  begin  to 
rotate  about  transverse  horizontal  axis; 

-  the  model  enters  water  but  changes  its  motion 
significantly  (  it  deflects  toward  water  surface  and 
leaves  water;  moves  in  previous  direction  under  wa¬ 
ter  surface;  rotates  bow  down  and  begin  to  move 
down  or  in  direction,  opposite  to  initial). 

Real  model  motion  can  consist  in  consequence  of 
said  forms.  For  instance,  a  model  can  reach  water 
surface  at  low  angle,  reflect  from  it,  reach  it  for 
the  second  time  at  greater  angle  and  enter  water 
or  begin  to  rotate  about  transversal  axis. 

Specific  motion  form  depend  on  body  itself  and  on 
its  motion  before  it  reaches  water. 

It  is  known  that  good  body  motion  when  it  enters 


water  is  achieved  at  bodies  with  flat  or  concave  for 
surface.  Motion  of  pointed  bodies  can  be  enhanced 
by  different  types  of  ring  nozzles  [21].  Models  with 
such  nozzles  were  tested  in  this  work,  dimensions 
and  position  of  nozzles  being  varied. 

Motion  of  some  models  is  showed  at  Figs.  2-4. 

At  Fig.  2  model  does  not  enter  water.  It  touches 
water  surface,  makes  long  enough  hollow,  turns 
over  and  moves  father,  the  stern  end  being  in  front. 
It  is  seen,  that  overturn  does  not  take  place  in  the 
plane  of  initial  motion. 

Two  shoots  at  Fig.  3  correspond  to  the  same 
model,  the  same  nozzle  being  pnt  at  different  dis¬ 
tance  from  model  head.  So  clearances  between  the 
head  and  the  nozzle  are  different,  and  this  influ¬ 
enced  cavity  dimensions. 

Fig.  4  shows  waves  on  the  cavity  surface. 

3.3  Some  features  of  body  immersion 
Special  models  consisting  of  two  parts  -  fore  and 
stern  -  were  constructed  to  investigate  underwa¬ 
ter  division  of  a  body  into  two  parts.  Aft  part  of 
the  model  contain  a  spring  device  that  ensures  di¬ 
vision  of  the  model  parts  some  time  after  model 
leaves  carriage  of  the  catapult.  Velocity  of  for  part 
increases  during  division,  velocity  of  stern  part  - 
decreases. 

Aft  part  of  a  model  usually  was  in  a  cavity  after 
division  and  its  resistance  was  little.  Resistance 
of  for  part  was  great  and  its  velocity  diminished 
quickly.  If  incidence  was  small,  it  overtook  for  part 
quickly.  If  incidence  was  not  small,  stern  part  de¬ 
flected  from  the  cavity  axis  and  reached  its  bound¬ 
ary.  Resistance  of  stern  part  became  great  and  this 
prevented  model  parts  from  collision. 

Investigation  of  model  brake  was  similar  to  said 
investigation  but  trajectory  inclination  range  and 
constructions  of  devises  used  were  another.  Small 
diameter  cavitators  put  before  model  and  towing 
disks  were  tested.  Devices  of  the  first  kind  created 
small  cavity.  It  collapsed  at  the  model  body.  This 
ensures  rapid  transition  to  nonseparating  flow  with 
great  resistance. 

Braking  disk  was  towed  at  some  distance  behind 
the  model  body.  It  interacted  with  cavity  bound¬ 
aries,  created  additional  resistance  and  divided  in¬ 
ner  cavity  part  from  atmosphere.  The  latter  pro¬ 
moted  cavity  to  collapse  quickly. 

Investigation  of  cavity  gas  transport  was  conducted 
at  new  closed  test  stand.  There  are  some  niches  at 
the  stands  tank  upper  side.  Air  from  the  collapsed 
cavity  came  to  these  niches,  and  its  amount  was 
measured. 
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Models  with  great  and  small  cavitators  and  mod¬ 
els  with  cavitators  of  complex  forms  were  tested. 
Air  amount  at  cavities  created  by  disc  cavitators 
proved  to  be  nearly  proportional  to  the  third  de¬ 
gree  of  the  cavitator  diameter.  Towed  brake  can 
influence  the  air  amount  in  the  cavity  significantly. 
This  influence  is  different  for  cavitators  of  different 
types. 

4.  EXPERIMENTS  AT  WATER  TUNNEL 

Experiments  at  water  tunnel  permits  to  investigate 
structure  of  flow,  and  to  get  data  to  calculate  a 
body  free  motion  trajectory. 

Experiments  at  water  tunnel  of  IHM  can  be  divided 
into  three  types: 

-  experiments  with  a  full  model; 

-  experiments  with  a  fore  part  of  a  model; 

-  experiments  with  a  stern  part  of  a  model. 

Experiments  of  the  first  two  kinds  were  conducted 
with  conventional  stern  struts,  experiments  of  the 
third  kind  were  condacted  with  bow  struts  (Fig. 
5). 

Note  experiments  with  complex  cavitators  and  ex¬ 
periments  with  some  types  of  stern  parts. 

Special  device  was  constracted  to  test  cavitators. 
It  gave  opportunity  to  rotate  cavitator  about  two 
axis;  longitudinal  and  transverse.  The  device  was 
connected  to  dynamometer,  mounted  at  strut.  Dy¬ 
namometer  could  measure  three  components  of  hy¬ 
drodynamic  force:  Rx,  Ry  and  R;,. 

Plane  and  conical  cavitators  with  appendages  that 
permitted  to  influence  cavitator  lift,  round  cavita¬ 
tors  with  spherical  and  cylindrical  for  surface  were 
tested. 

Fig.  6  shows  cavity  formed  by  star  -  formed  cav¬ 
itator.  Complex  form  of  fore  cavity  part  is  seen. 

Stern  parts  of  models  were  tested  with  fore  struts. 
Theory  of  cavitator,  being  put  at  such  strut,  was 
derived  in  [14].  Construction  of  the  device  gave 

an  opportunity  to  change  model  incidence  in  wide 
limits  and  to  move  the  model  relative  the  cavitator 
in  longitudinal  and  transverse  direction. 

Conical  and  fan  -  shaped,  i.e.  sectioned,  body  stern 
parts  were  tested  among  others. 


ducted  by  numerical  solution  of  Cauchy  problem 
for  simultaneous  equations  of  the  motion. 

The  equations  include  three  equations  for  centre  of 
inertia  velocity  components  and  for  angular  veloc¬ 
ity  (Fig.  7).  They  are  filled  up  by  relations  that 
connect  force  and  moment  coefficients  to  kinemati- 
cal  parameters  of  motion  and  by  relations  that  con¬ 
nect  cavity  dimension  and  form  to  said  cinematical 
parameters  of  motion. 

Equation  for  transverse  velocity  component  is  re¬ 
duced  to  equation  for  incidence  angle  [7,  10,  11], 
So  non  dimensional  equations  are: 


dvx  _  pSoLo  r.  1  /i\ 

(CxpOp  -f-  CxG  +  PflCioJ  (1) 

da  gLo  pSoLo  [  ] 

dw  pSoLl  r  -3/2  1  /ON 

dS  =  ~2^h^^P  +^^o+P.mxa\  (3) 


duj  _  pSoLli  _  -3/2 

dS  ~  2mR}  ' 


where 

S  -  nondimensional  body  path; 

v,Vx,Vy  -  body  velocity  and  its  components; 

q:  -  incidence  at  the  centre  of  inertia; 

u)  -  nondimensional  angular  velocity; 

p  -  fluid  density; 

Pa  -  density  of  inner  media  of  the  cavity; 

Lq  -  reference  length; 

Sq  -  reference  area; 

Vo  -  reference  velocity; 
m  -  body  mass; 

Sp  -  nondimensional  cavitator  area; 

Ri  -  body  radius  of  inertia; 

Cx,Cy,mz  -  coefficients  of  force  components  and 
moment; 

indexes  p,G  w  a  note  force  and  moment  compo¬ 
nents  due  to  cavitator,  side  body  surface  -  cavity 
boundary  interaction  and  side  body  surface  -  inner 
cavity  media  interaction. 


It  is  convenient  to  use  body  length,  body  stern  part 
section  area  and  initial  body  velocity  as  reference 
values. 


Equations  (1-3)  include  nondimensional  parame¬ 
ters: 


pSoLo 


5.  THEORETICAL  INVESTIGSTIONS 
5.1  Principal  relations 

Theoretical  investigation  of  a  body  motion  was  con¬ 


p  may  be  treated  as  a  relation  of  the  fluid  density 
to  the  body  density; 

G,  may  be  treated  as  Froud  number; 
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i  -  is  the  body  nondimensional  moment  of  inertia. 


Force  and  moment  coefficients  in  right  -  hand  part 
of  equations  depend  on  nondimensional  motion  pa¬ 
rameters,  -  incidence  and  angular  velocity,  -  and 
on  body  and  cavity  mutual  position. 

The  latter  causes  some  features  of  calculations. 
The  body  position  is  determined  by  body  motion 
equations,  the  cavity  position  -  by  its  deformation 
laws.  At  one  body  motion  calculating  cavity  po¬ 
sition  depends  on  the  same  body  motion  after  all. 
At  two  bodies  motion  calculating,  one  being  behind 
another,  mutual  position  of  the  back  body  and  the 
cavity  depends  on  motion  of  both  bodies. 


where 


Q  = 


1 - —rc°‘m‘^ 

r.2  Oil 


2nr?2fi^ 


(8) 


^  -  2/. 


If  (6)  are  inserted  into  (8)  and  aerodynamic  terms 
are  omitted,  then 


P=  — 


c"5p  1  + 


5.2  Influence  of  side  forces,  appearing  at  cav- 
itator,  on  body  motion 

There  will  be  considered  side  forces  acting  on  cav- 
itator,  and  their  influence  on  a  body  motion. 

Constant  body  velocity  will  be  considered,  so  equa¬ 
tions  (2)  and  (3)  describe  the  motion. 


Roots  of  characteristic  equation  (7)  are 

Ai,2  = -P  ±  \/P2  -  Q  (9) 

Then  for  positive  values  of  and  roots  are 
real,  one  being  positive,  hence  initial  perturbation 
rise  by  exponential  law.  This  is  a  result  of  the  body 
static  instability. 


Acting  on  cavitator  force  components  and  moment 
depend  on  the  angle  between  the  cavitator  axis  and 
oncoming  the  cavitatir  flow  velocity  Op .  The  latter 
is  connected  to  incidence  at  the  center  of  inertia  of 
the  body  a  and  its  angular  velocity  by 

ap  =  a  -  Lolp.  (4) 


If  ap  is  small,  linear  relation  of  side  force  coefficient 
Cpy  and  moment  coefficient  m^p  on  ap  may  be  used; 

Cpy  =  c“ap;  m,p  =  m^pOp  (5) 


A  motion  period  when  body  do  not  interacts  with 
cavity  boundary  is  considered. 


If  we  use  relation,  similar  to  (5)  for  Ca  and  m^a  and 
designate 

S  —  ^pSp  +  Pa<^y 


m“  =  -f  (c“/p  -f  m“p)5'p 


Pa^ya  ~  ^p^P^P 


PaPP^z 


Sp[cpl  -  m^plp) 


(6) 


then  equations  (1-3)  became  similar  to  equations 
of  leteral  motion  of  an  airplane.  Their  characteris¬ 
tic  equation  is 


(7) 


For  negative  values  of  Cpy  and  roots  are  either 
real,  one  being  positive,  either  complex,  but  both 
have  positive  real  parts.  Hence  motion  is  unstable 
due  to  luck  of  demping. 

Calculations  by  full  motion  equations  show,  that 
there  is  some  difference  in  motion  of  a  body  with 
positive  and  negative  (Figs.  8,9).  Fig.  8  shows 
examples  of  trajectories.  Fig.  9  -  inclination  angle 
versus  path  for  bodies  with  different  Cpy. 

At  Fig.  8  motion  of  the  body  with  positive  Cpy  is 
unstable,  motion  of  bodies  with  zero  and  negative 
Cpy  is  stable. 

At  fig.  9  body  having  positive  Cpy  reached  nonoscil¬ 
lating  regime  of  motion,  the  pitch  angle  ^  and  ver¬ 
tical  component  of  velocity  Vyg  rising  slowly.  If 
Cpy  were  less,  body  would  oscillate,  the  oscillation 
frequency  being  less,  then  oscillation  frequency  of 
the  body  with  neutral  cavitator.  The  body  with 
negative  c“y  also  reached  oscillation  regime,  but  its 
frequency  is  greater,  than  oscillation  frequensy  of 
the  body  with  neutral  cavitator. 

5.3.  Models  of  inner  medium 

Interaction  of  a  body  and  inner  cavity  medium  can 
influence  the  body  motion  stability. 

Inner  cavity  medium  consists  of  water  vapour,  gas, 
water  drops  and  sprays.  Mathematical  description 
of  such  medium  is  a  complex  problem,  so  it  is  nec¬ 
essary  to  employ  some  simplified  schemes.  Some 
possible  models  are: 

1.  A  model  of  rare  gas. 


-f  2P A  -J-  Q  —  0, 
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2.  A  model  of  continuous  media  (gas). 

3.  A  model  of  multilayer  fluid. 

4.  A  model  of  multicomponent  fluid. 

The  first  three  will  be  considered. 

1.  Model  of  rare  gas  permits  to  estimate  influence 
of  water  drops  and  sprays.  It  is  thought,  that  drops 
and  sprays  moves  at  the  velocity  of  outer  flow  and 
do  not  interact  each  other.  When  they  reach  the 
body  surface,  they  transfer  to  the  latter  part  of 
their  momentum.  The  normal  component  is  trans¬ 
ferred  completely,  tangential  -  partly. 

If  transferred  to  body  part  of  tangential  momentum 
component  is  small,  a  theory  of  rare  gas  [6]  may  be 
used.  This  theory  gives  simple  enough  relations  for 
calculating  of  forces,  acting  at  the  body. 

2.  If  inner  cavity  medium  is  treated  as  homoge¬ 
neous  continuous  medium,  the  problem  is  reduced 
to  the  problem  of  a  body  in  a  gas  flow,  but  the 
gas  density  must  be  defined  in  so  way,  that  affect 
of  drops  and  sprays  be  accounted  for.  Then  usual 
aerodynamic  methods  may  be  used. 

Note,  that  hydrodynamic  coefficients  depend  on 
cavity  radius  and  body  position  about  cavity,  be¬ 
cause  a  space  between  the  cavity  and  the  body  is 
restricted.  Date,  necessary  for  calculating  are  pub¬ 
lished  in  [5]  and  other  works.  Methods  used  to 
correct  results  of  experiments  at  aerodynamic  tun¬ 
nels  should  be  employed  with  care,  because  they 
may  be  valid  for  small  body  in  grate  channel  only. 

3.  Sprays  and  drops  are  distributed  nonuniformly 
through  the  cavity  section.  Their  concentration  is 
the  greatest  near  the  cavity  boundary  and  dimin¬ 
ishes  toward  its  axis.  In  addition  the  cavity  bound¬ 
ary  is  not  a  smooth  surface:  it  is  a  consequence  of 
hollows  and  hills. 

This  conception  of  cavity  inner  medium  makes  it 
possible  to  use  multilayer  scheme:  inner  cavity 
space  is  divided  into  some  layers,  each  having  con¬ 
stant  density,  varying  from  one  layer  to  another. 

Figs.  10  and  11  show  influence  of  medium  density 
on  a  body  motion. 

6.  CONCLUSION 

Experimental  investigations  of  flows  occurred  when 
models  with  additional  devises  and  compound 
models  enter  water  were  conducted.  Previously 
known  theoretical  solutions  concerning  interaction 
of  slender  body  and  cavity  boundary  are  specified 
and  some  new  ones  are  obtained. 

Mathematical  models  of  body  motion  in  super- 


cavitating  conditions  accounting  for  effect  of  ap¬ 
pendages  and  inner  cavity  medium  are  elaborated. 
Mathematical  model  of  motion  of  compound  body 
separated  part  is  constructed  also.  Programs  for 
calculating  body  motion  accounting  for  said  factors 
were  created. 
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Fig.  1.  Stand  with  varying  tank  inclination 


Fig.  5.  Cavity  in  water  tunn( 
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Fig.  7.  Supercavitating  body 
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Fig.  8.  Influence  of  C°y  on  body  motion  —  trajectory 
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EMERGENCE  OF  CAVITATING  PROFILE 
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Abstract 

The  paper  presents  a  numerical  method  for  unsteady  cavitation 
simulation  around  engines  moving  with  large  vertical  velocity. 
The  numerical  modelling  of  the  creation  and  the  development  of 
the  cavitating  flow  zones  attached  to  the  profile,  as  well  as  the 
free  surface  deformation,  is  done  using  an  interface  tracking 
method  of  «  Volume  of  Fluid  »  type,  inserted  into  a  Navier-Stokes 
code. 

Results  show  that  the  model  is  well  adapted  to  simulate  this 
complex  physical  phenomena. 

LIST  OF  SYMBOLS 

(«,  v)  the  Cartesian  velocity  components. 

(ii,  v)  the  contravariant  velocity  components. 

(x,  y)  the  Cartesian  co-ordinates. 
fe,T|)  the  curvilinear  co-ordinates. 

(n^.ny)  the  components  of  the  normal  vector. 

(e^ ,  By  )  the  components  of  the  unit  vector. 

V  nabla  vector, 

p  the  constant  density  of  the  liquid, 

p  the  fictitious  density, 

pref  the  density  of  reference, 

f  the  stress  viscid  tensor. 

p  the  pressure. 

P[j,f  the  pressure  of  reference, 

cr  the  surface  tension  coefficient. 

0j  the  cavitation  number. 

r  the  free  surface  curvature  or  the  position  of  the  particle, 

in  the  fluid. 

R  the  position  of  the  interface. 

Rq  the  position  initial  of  the  bubble. 
g  the  gravity  acceleration. 

J  the  jacobien  of  the  coordinates  transformation. 

p  the  molecular  viscosity  coefficient. 

Uo  the  constant. 

U]  the  constant. 

X  the  constant. 

W 
L 

Lmax 

1 


1.  INTRODUCTION 

The  problem  is  the  emergence  of  an  engine  from  the  water  with  a 
high  vertical  velocity.  When  approaching  the  free  surface,  the 
surrounding  pressure  decrease,  cavitation  regions  appears  on  the 
fore  of  the  profile  and  the  crossing  of  free  surface  could  be 
affected  by  the  presence  of  gas  regions  close  to  the  body  surface. 
We  are  interested  here  in  the  modelling  of  cavitation  bubbles 
evolution  on  the  profile,  as  well  as  in  the  free  surface  deformation. 

The  study  of  unsteady  cavitation  bubble  may  be  done  using 
different  types  of  methods  : 

•  The  potential  method  e.g.  Molin',  De  Lange^. 

•  The  two  phase  method  e.g.  A.  Kubota^,  Y.  Ventikos'', 
and  Y.  Delannoy^. 

•  The  interface  tracking  method  e.g.  L.  Di^val®. 

The  aim  of  this  study  is  to  demonstrate  the  capacity  of  the  VOF 
method  to  simulate  the  unsteady  cavitation  phenomena,  especially 
the  creation  processes,  re-generation,  tracking  and  bubble 
cracking  .  This  method  consists  in  defining,  in  a  fixed  mesh,  the 
interface  from  the  volume  fraction  of  two  phases  (liquid  and  gas) 
e.g.  Hirt’.  Its  advantage  over  purely  two  phase  method  is  a  true 
tracking  interface  method  without  numerical  diffusion  and  it  has 
not  the  mathematics  stiffness  of  compressible  flow  treatment  when 
the  sound  velocity  is  very  high  compared  to  the  flow  velocity  . 

The  liquid  flow  equations  are  computed  by  a  finite  volume 
method  on  curvilinear  grids,  with  solve  the  Navier-Stoke 
equations.  The  evolution  of  liquid-gas  interface  of  bubble  is 
ciculated  by  VOF  method,  linked  to  the  flow  equation  solver  by 
an  explicit  algorithm,  described  in  subsequent  paragraphs. 


2.  NUMERICAL  MODEL 

2.1  Equations 

The  unsteady  Navier-Stokes  equations  for  incompressible 
bidimensional  flows  are  written  in  the  following  semi¬ 
conservative  form,  in  curvilinear  co-ordinates  (^,r/)  : 

(1) 

]  St  ^  ’ 


the  fictitious  vector, 
the  length  of  the  profile 

the  maximal  length  of  the  cavity  non  dimensional 
the  width  of  the  profile 

the  maximal  thickness  of  the  cavity  non  dimensional 


with 


0  ■ 

'0 

w  = 

pu 

;  R  = 

0 

pv_ 

rPs. 

a 

—  "v 

r 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water”, 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 
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«=4M-t-lJ,V  V  =T]^u  +  T]^,v 
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f,  =f.e,  f=Af(v.(7+'V.t7) 


2.2  Pseudo-compressibility  method 


Time  discretization  is  ensured  using  a  fully  implicit  second  order 
scheme.  The  solution  of  the  non-linear  system  for  the  unknown 
values  of  the  time  step  n+1  is  based  on  the  pseudo-compressibility 
technique,  e.g.  De  Jouette®.  We  will  simply  remind  the  reader  of 
the  principle  of  this  approach,  referring  to  the  above  reference  for 
a  detailed  presentation  and  the  justification  of  the  pseudo¬ 
unsteady  formulation  selected. 

Considering  the  semi-discretized  equations  at  the  time  level  n+1 
and  introducing  a  time-like  variable  r,  called  pseudo-time,  one 
adds  pseudo-unsteady  terms  which  are  derivatives  of  the 
unknowns  at  time  level  n+I  with  respect  to  T. 

1  ^  SW"'*'' -AW"  +W''~'  ^  f  ^  f 

J  dx  2Ar  I  <^'7  J  (2) 


with: 


W  = 


P 

PJ*X 

P“r 


The  pseudo-unsteady  terms  involve  a  new  unknown  variable 
p  called  pseudo-density  and  subject  to  remain  positive.  The 
pressure  is  calculated  as  a  function  of  p  through  an  additional 
equation  which  is  identified  with  a  pseudo-law  of  state.  This 
numerical  relation  can  be  selected  in  different  ways,  as  discussed 
in  De  Jouette*.  The  choice  retained  is  the  following: 

p  =  p[u^^+XUf)ln-^  +  (3) 

Pref 

where  et  p„^  are  constants. 

The  system  (2,3)  is  integrated  step-by-step  in  pseudo-time  until 
convergence  towards  a  solution  independent  of  t  which  is  then  the 

numerical  solution  of  the  instant 

The  system  is  hyperbolic  with  respect  to  r  and  -  this  is  one  of  the 
reasons  that  has  led  to  the  choice  of  this  system  -  it  is  formally 
very  close  to  Navier-Stokes  equations  in  compressible  flow 
(without  the  equation  of  energy),  due  to  the  presence  of  the  same 
p  factor  in  the  terms  of  derivatives  in  T.  This  property  makes  it 
possible  to  directly  apply  existing  and  efficient  algorithms,  have 
been  developed  for  compressible  flows,  to  the  solution  of  this 
system.  Which  we  have  used  an  adaptation  of  the  finite  volume 


method  with  artificial  viscosity,  originally  developed  by  Jameson® 
for  compressible  flows. 

Discretization  in  space  is  of  the  centred  type.  The 
variables  p,  u,  v,  p  being  defined  at  the  centres  of  the  cells,  the 
fluxes  at  an  interface  are  obtained  from  the  averages  of  values  at 
the  centres  of  the  two  adjacent  cells.  Artificial  viscosity,  which  is 
necessary  in  the  case  of  a  centred  scheme  to  ensure  stability  and 
convergence  and  prevent  the  uncoupling  of  the  even/odd  nodes, 
includes  second  order  derivatives  and  fourth  order  derivatives  and 
is  adjustable  using  coefficients. 

The  scheme  used  in  pseudo-time  is  the  explicit  5  step  Runge- 
Kutta  scheme,  associated  with  an  implicit  residual  smoothing 
technique  Jameson®.  The  basic  Runge-Kutta  scheme  is  explicit, 
but  one  introduces  an  implicit  treatment  of  the  unsteady  source 
term  dWIdt,  which  reinforces  stability  while  leaving  the 
calculation  effectively  explicit.  The  maximum  value  of  the 
pseudo-time  step  At  is  fixed  by  the  local  Courant-Friedrichs-Lewy 
stability  criterion.  For  each  cell,  one  uses  the  maximum  local 
value  (local  time  step  technique).  The  method  is  unconditionally 
stable  with  respect  to  the  physical  time  step. 


2.3  V.O.F  method 

Water-air  interfaces  constitute  moving  discontinuity  surfaces  the 
positions  of  which,  at  time  level  n+1,  are  part  of  the  unknowns  of 
the  problem. 

In  the  VOF  method,  the  flow  problem  is  discretized  in  a  fixed  grid 
and  the  free  surface  is  known  only  through  a  scalar  variable  F 
defined  in  each  cell  as  the  fraction  of  the  volume  of  the  cell 
occupied  by  the  fluid.  This  variable  F  therefore  has  values 
between  0  and  1,  limits  included,  and  the  free  surface  is  located  in 
the  cells  where  0<F<1.  The  evolution  of  the  variable  F  in  a  given 
curvilinear  cell  Q.  is  ruled  by  the  mass  conservation  equation 
which  can  be  written  for  this  cell  as: 

V—+\  —f0.iidS  =  0  (4) 

where  Fis  the  volume  of  the  cell,  5f2its  boundary,  U(u,v'j  the 

velocity  vector  at  the  interface  and  where /is  a  function  defined  at 
all  points  which  can  have  only  two  values  :  i  at  a  point  occupied 
by  the  fluid,  and  0  otherwise;  one  notices  that : 


VF  =  j^fdV 


The  integration  of  (4)  for  the  calculation  of  F  from  the  time  level  n 
to  the  time  level  n+1  raises  difficulties  in  the  case  when  the  cell  £2 
is  a  partial  cell,  i.e.  such  that  0<F<1,  since  then  the  distribution 
of/ on  dQ  cannot  be  exactly  recovered  from  the  knowledge  of  F 

in  Q  and  in  neighbouring  cells.  The  originality  and  interest  of  the 
VOF  method  is  that  it  provides  an  approximate  -  but  conservative 
-  evaluation  of  the  mass  flux  through  dQ  only  from  the 
knowledge  of  F  in  Q  and  in  surrounding  cells. 

Consider  two  adjacent  cells,  which  therefore  have  a  common 
interface.  The  normal  velocity  component  at  the  interface  makes  it 
possible  to  distinguish  between  the  donor  cell  (upstream)  and  the 
acceptor  cell  (downstream).  The  flux  of  mass  through  the 
interface  is  then  determined  according  to  a  complex  algorithm 
which  distinguishes  a  certain  number  of  possible  situations 
depending  on  the  value  of  F  and  the  orientation  of  the  free  surface 
in  the  donor  cell  and  in  the  acceptor  cell,  (Hirt’). 
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The  calculation  algorithm  for  F  is  explicit  in  time  ;  the  stability  of 
this  algorithm  limits  the  time  step  to  a  value  which  corresponds  to 
a  displacement  of  the  free  surface  of  one  cell  at  the  most.  In 
practice,  this  means  that  a  cell  full  of  fluid  cannot  become  empty 
(or  inversely)  in  a  single  time  step. 


permits  to  localise  possible  new  liquid  cells  where  the  pressure  is 
lower  than  the  vapour  pressure,  which  are  then  imposed  at  VOF  = 
0  and  at  the  limiting  vapour  pressure.  This  semi-empirical  mass 
transfer  criterion  between  liquid  and  gas  on  the  interface  into 
consideration  which  allows  vapour  creation  dependsint  on  the  flow 
dynamics  conditions. 


2.4  Numerical  treatment  at  the  boundaries 

Boundary  conditions  on  the  free  surface  concern  partial  cells  i.e. 
cells,  for  which  0<F<I.  The  pressure  in  a  partial  cell  is  taken 
equal  to  the  pressure  imposed  at  the  interface  itself.  At  the  free 
surface  of  the  tank,  the  pressure  is  the  atmospheric  pressure.  The 
pressure  of  the  gas  in  the  cavitation  bubbles  is  the  vapour 
pressure.  The  velocity  in  a  partial  cell  is  determined  by 
extrapolation  from  neighbouring  cells,  and  more  precisely  as  the 
weighted  average  of  the  velocities  in  the  8  neighbouring  cells,  the 
weight  of  a  cell  being  chosen  equal  to  the  fifth  power  of  the  value 
of  F  in  that  cell. 


2.5  Coupling  of  flow  and  free  surface  calculation 
methods 

The  pseudo-compressibility  method  and  the  VOF  method  can  be 
coupled  together  by  updating  the  position  of  the  free  surface  at 
each  step  in  physical  time  even  though  the  flow  calculation  is 
operated  at  each  Runge-Kutta  step  of  pseudo-time  iterations.  The 
general  algorithm  of  the  free  model  consists  in  the  following  main 
steps : 


1  .  Physical  time  iteration. 

a.  Pseudo-time  iteration. 

i .  S  weep  of  Runge-Kutta  steps . 

•  Calculation  of  fluxes  and  of  residuals  for  the 
liquid  cells  (VOF  =  1). 

•  Smoothing  of  the  residuals. 

•  Up-dated  values  of  velocity  and  pseudo¬ 
density, 

•  Boundary  conditions  for  the  partial  cells  of 
interfaces  (0<VOF<1). 

•  Boundary  conditions  for  outer  boundaries. 

11.  End  of  Runge-Kutta  steps. 

b.  End  of  pseudo-time  iteration. 

C.  Updating  of  the  VOF  field. 

2  .  End  of  physical  time  iteration. 


2.6  Cavitation  criterion 

When  the  profile  approaches  the  free  surface,  the  surrounding 
pressure  decreases.  The  passage  of  subcavitating  flow  to  cavitating 
flow  is  realised  when  the  pressure  around  the  profile  reaches  a 
critic  threshold  corresponding  to  the  vapour  pressure.  In  these 
conditions,  the  cavitation  bubble  is  initialised  the  cells  of  the  mesh 
which  verify  the  vaporising  criterion  with  a  VOF  value  equal  to  0 
and  the  vapour  pressure. 

The  interface  velocity  is  equal  to  the  normal  velocity  of  the  liquid 
phase  with  the  velocity  mass  transfer  between  the  phases  added. 
This  velocity  may  generally  be  neglected  and  the  evolution  of  the 
interface  is  calculated  by  the  VOF  method  which  considers  the 
local  velocity  field.  At  each  time  step,  a  cavitation  criterion 


3.  NUMERICAL  APPLICATION 

3.1  Implosion  of  Rayleigh  bubble 

3.1.1  Time  and  pressure 


One  points  out  only  the  equation  of  momentum  which  comes  from 
the  equation  established  by  Rayleigh-Plesset.  For  more  details, 
one  can  see  for  example  Franc'® 


K  ^  •  2  R  a2  R 

R—+2Fr—-2R^  — 


^dp 
p  dr 


(5) 


with : 


•  r  ;  Particle  position  in  the  liquid  flow 

The  integration  of  the  equation  (5)  gives  the  time  of  implosion  of 
the  Rayleigh  bubble : 


and  the  field  of  pressure  in  the  liquid  flow  : 


3.1.2  Calculation  domain 

The  simulation  of  the  implosion  of  the  Rayleigh  bubble  is  carried 
out  by  the  Euler  equations  coupled  with  method  VOF  developed 
above.  By  taking  into  account  all  symmetries  of  the  problem,  the 
field  of  calculation  is  reduced  to  a  sector  of  circle.  The  field  of 
calculation  is  thus  composed  of  200  nodes  with  a  minimum  step 
of  0.0001  meters.  See  figure  1. 

The  design  criteria  on  the  borders  of  the  field  are  the  following 
ones : 

•  On  the  right :  Pressure  =10^  Pascals  and  velocity  =  0 

•  On  the  bottom  :  Axisymmetric  condition 

•  On  the  top  ;  Symmetric  plane 

•  On  the  left :  free  boundary 
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cavity  grows  again  and  so  on...  When  the  profile  emerges,  the 
cavity  implode  in  the  liquid  flow  except  for  a  velocity  of  40  m/s. 
This  situation  corresponds  to  the  supercavitation.  For  the  different 
profiles,  we  can  write  the  following  data  : 

For  a  conical  profile 


Velocity  m/s 

^max 

■mx  10-^ 

20 

0,98 

0,448 

5,167 

30 

0,65 

0,687 

5,833 

40 

0,49 

1,180 

10,83 

For  a  spherical  profile 


Velocity  m/s 

<ri 

I-max 

Innx  10-" 

20 

0,97 

0,348 

3,333 

with : 


,  lengh  of  the  cavity 

’-'max  “ 

,  width  of  the  cavity 

^max  ““  1 


3.1.3  Results 


The  method  of  pseudo-compressibility  coupled  with  the  method  of 
fluid  fraction  of  volume  (VOF)  makes  it  possible  to  find  the 
distribution  and  the  peaks  of  pressure  in  the  liquid  part  of  the  fluid 
(see  figure  5)  in  the  various  positions  of  the  interface.  Compared 
to  the  distribution  of  pressure  in  the  liquid  given  by  the  equation 
(7),  until  after  the  peak  of  pressure,  one  can  observe  a  rather  weak 
fall  of  the  pressure  compared  to  (7).  The  field  velocity  in  the 
liquid  part  of  the  flow  is  correctly  represented. 

The  error  rate  between  the  analytical  results  obtained  by  Rayleigh- 
Plesset  and  this  code  computer  is  the  following  ones: 


•  Rayleigh  time : 


'^cal 

T 


X 100  =  At  =  2,89% 


•  Pressure :  6,0% 

•  Velocity  ;  5,03% 


see  figure  5  for  the  pressure  and  see  figure  6.for  the  velocity 


3.2  Emergence  of  cavitating  profile 

We  consider  a  cavitating  flow  around  a  submerged  engine  of  L  m 
height  and  1  m  width,  and  with  various  values  of  vertical  velocity. 
The  profile  is  supposed  to  be  fixed  in  the  grid,  only  the  free 
surface  goes  down.  The  grid  for  the  two  profiles  considered 
(spherical  head  and  conical  head)  is  composed  of  141x51  nodes 
(See  figures  2  and  3). 

The  velocity  of  the  flow  with  respect  to  the  engine  velocity  is 
imposed  to  the  bottom  boundary  on  the  domain  (the  computation 
is  done  in  the  reference  frame  attached  to  the  engine).  On  the  free 
surface,  one  imposes  the  atmospheric  pressure  and  in  the  pocket  of 
cavitation  the  saturated  vapour  tension.  Finally  on  the  profile 
considered,  we  impose  the  conditions  of  adherence.  (The 
equations  of  Naviers-Stokes  are  solved  in  streamline  flow.).  See 
figure  7. 

The  cavity  is  created  when  the  pressure  in  the  liquid  flow  next  to 
the  profile  is  lower  than  the  vapour  pressure.  The  cavity  grows,  a 
retrant-jet  establishes  and  it  cuts  the  cavity.  See  figure  4.  The 


Figure  2  :  Mesh  of  the  calculation  domain  associated  a  profile 
having  a  spherical  head 
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Figure  3  :  Mesh  of  the  calculation  domain  associated  Grid  of  a 
field  for  a  profile  having  a  conical  head 


Figure  4 :  Retrant  jet 


4.  CONCLUSIONS  AND  PERSPECTIVES 


high  potential  of  the  VOF  method  to  treat  these  complex  physical 
phenomena. 

The  future  extension  of  the  method  concerns  the  development  of 
the  coupling  between  the  gas  flow  in  the  cavitation  bubble  and  the 
liquid  flow.  The  aim  is  to  simulate  particular  physical  mechanisms 
of  the  cavitation  such  as  mass  transfer  between  liquid  and  gas  on 
the  interfaces  and  re-compression  zone  of  the  gas  in  the  wake  of 
the  cavitation  bubble. 
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A  free  surface  tracking  model  of  VOF  type  has  been  developed  to 
simulate  emergence  of  cavitating  profile.  First  results  show  the 


Pressure ,  Pressure  Pressure 


Figure  5  :  Pressure 


Interface :  0,003  m  Ar=10'"  Interface :  0,004  m  Ai^lO"* 


Interface :  0,005  m  Ai^lO"*  Interface :  0,006  m  Ar=10^ 


Figure  6 :  Velocity 
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SUMMARY 

An  object  on  a  high  speed  entering  water 
experiences  significant  overloads  caused  by 
sharp  increase  in  density  of  the  environment. 

At  present  paper  we  are  considering  two 
angles  -  the  entrance  angle  0  between  a 
trajectory  of  body  gravity  center  and  a  free 
surface;  the  attack  angle  a  between  body’s  axis 
and  direction  of  a  motion.  So  a  whole 
hydrodynamic  force  F  can  be  presented  as  a 
drag  (axial)  force  X  and  a  significant  lift  (lateral) 
force  Y.  Surrounding  an  object  by  supercavity 
allows  us  to  solve  the  series  of  problems, 
including  the  following; 

reduce  hydrodynamic  drag; 
reduce  or  eliminate  destructive 
lift(lateral)  loads  for  the  object's  appendage 
elements  (ledges); 

damp(restrain)  impact  loads 
concentrated  primarily  on  a  cavitator. 

Presented  research  offers  based  upon  the 
results  of  experiments  technical  design  for  the 
new  series  of  two-medium  foils.  Such  foils 
provide  the  protection  of  stabilizers  and  a 
rudders  of  two-medium  apparatuses  from 
destructive  hydrodynamic  forces. 

LIST  OF  SYMBOLS 

X  drag(axial)  force 

Y  lift(lateral)  force 

Cx  drag  force  coefficient 

Cy  lift  force  coefficient 

pw  water  density 

pa  air  density 

0  angle  of  body  entrance  in  water 
a  attack  angle 

d  diameter  of  disk  (cavitator) 

Vo  entering  speed  of  body 

V  speed  of  body  motion 

a  sound  speed  in  water 

M  Mach  number 

a  cavitation  number 

h  depth  of  foil  immersing 

bo  profile  cord 


to  profile  thick 

b  foil  sharpness 

t  size  of  cavitating  element  (leading  edge 

sharpness  of  foil). 

1. INTRODUCTION. 

The  scientific  problem:  how  objects  under  water 
can  reach  the  speed  close  to  the  sound 
velocity,  has  been  solved  by  creating  the 
supercavity  flow  [1].  This  scientific  achievement 
laid  basis  for  treating  certain  technical 
problems  in  the  fields  of  marine,  space,  and 
other  investigations.  High-speed  processes 
computer  modelling  allows  us  to  predict  various 
effects  in  about-  and  supersonic  regimes  in  the 
water  [2,3].  Space  capsules'  water-landing, 
stabilizers'  and  rudders'  protection,  support  for 
two-medium  devices  (machines,  apparatuses) 
and  pump  blades  can  serve  as  examples  of 
practical  application  for  the  discussed  technical 
approach.  In  all  the  cases  we  deal  with  an 
object's  high-speed  entry  into  water  connected 
with  formation  supercavity  around  it  on  its 
underwater  trajectory.  Once  an  object  gets  in 
contact  with  water  it  undergoes  impact 
hydrodynamic  overloads  caused  by  increase  in 
the  environment's  density  pw/pa=800  . 

This  causes  the  attack  angles  a  to  create 
destructive  axial  forces  acting  upon  the  ledges 
of  an  object.  Impact  of  these  forces  needs  to  be 
reduced. 

2.DISCRIPTIQN.OF  PHYSICAL  PROCESSES 

Examples  mentioned  earlier  use  hydrodynamic 
drag  reduction  effect.  This  effect  can  be 
achieved  by  creating  supercavity  along  the 
object.  Supercavity  is  filled  by  water  vapour 
(steam)  the  density  of  which  ps  is  a  hundred 
times  less  than  the  air  density  pa  [1].  The 
required  cavity's  size  is  reached  with  the  aid  of 
a  cavitating  element  located  on  the  object's 
frontal  part.  Aspect  ratio  for  the  object's  body  is 
calculated  so  that  object  dimensions  do  not 
step  out  beyond  the  cavity's  size.  Object's  (  or 
appendage  elements')  gliding  on  the  cavity's 
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surface  and  cavitator's  asymmetry  jointly 
provide  necessary  curve  for  the  underwater 
trajectory.  As  marked  before,  an  object 
experiences  impact  hydrodynamic  overloads 
once  it  gets  in  contact  with  water.  Maximum 
longitudinal  overloads  occur  in  case  of  disk's 
right-angle  impact  entry  into  the  water  (0=90°) 
[4]. 

,  2 

F  =  VQa{\  +  2M).  {\) 

Where  M=Vo/a  -  Mach  number,  a»1 440m/s- 
sound  speed  in  water.  From  (1 )  we  obtain  the 
estimated  value  for  the  maximum  drag 
coefficient: 

^max  _  _  2  . 
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In  reality  the  acting  forces  are  always  less  than 
in  (2),  even  in  case  of  the  direct  impact  entry. 

As  a  result  of  modeling  experiments  on  high¬ 
speed  disk’s  entry  into  the  fluid-environment  for 
M<0,7  we  obtained  empirical  dependence  [5]: 
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In  case  of  the  incline  disk's  entry  an  object's 
speed  has  horizontal  as  well  as  vertical 
components(partials)  and  the  acting  forces  are 
significantly  less.  Works  of  0.  Shorygin, 

N.  Shulman,  V.  Yerohin  offer  us  semi-empirical 
dependence  for  the  maximum  drag  coefficient, 
including  adjustments  for  water  compression 
which  occurs  in  case  of  the  very  high-speed 
entry  [6,7]. 
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These  results  conform  well  with  the 
experimental  data  on  the  matter  of  angles 
diapasons  -30°<a<+30°  and  6O°<0<9O°. 
Experimental  formulas  (3)  and  (4)  presently  are 
considered  to  be  the  most  reliable  calculations 
for  the  direct  and  inclined  high-speed  object's 
entry  into  water.  They  can  be  used  for 
estimating  overloads  an  object,  entering  water 
has  to  undergo. 

Fig.1  shows  experimental  flat-sheared 
cylinder's  drag  coefficient's  dependence  upon 
sizeless  time  x=VoT/d  for  four  values  of  entry 
angles  when  the  entry  speed  is  about 


1 0Om/sec.  When  a  cavitator  penetrates  into 
water  impact  loads  can  exceed  significantly  the 
cavity  resistance  force.  However  their  action  is 
limited  by  the  period  of  time  during  which  an 
object  goes  down  2-3  times  cavitator's 
diameter.  First  of  all  these  forces  act  along  the 
object's  rotation  axis.  An  object  possesses  the 
maximal  firmness  reserve  in  this  direction,  so 
we  can  suppress(restrain)  these  loads  by 
elastic  spacer  for  the  cavitator. 

However  if  the  attack  angles  of  an  object, 
entering  water,  are  significant,  we  have  to  solve 
another  challenging  problem  -  how  to  protect 
the  ledges  (appendage  elements)  from  the 
lateral  loads. 

As  this  problem's  solution  we  offer  the  new 
different  foil's  configuration.  It  is  based  upon 
the  process  of  advanced  cavitation  flow  and  is 
capable  to  work  for  two  mediums.  Presented 
foil  is  supplied  with  the  cavitating  element  (nose 
truncation  with  cavity  creating). 

Advanced  cavity  formation  surrounding  the  rest 
portion  of  an  object  creates  fundamental 
opportunity  for  protection  the  foil  against 
destructive  hydrodynamic  forces.  Along  with 
this  however  it  is  necessary  to  solve  the 
problem,  how  to  preserve  controllability  of  the 
foil,  when  the  whole  system  works  in  a  different 
regime.  This  foil  holds  a  patent  [8]. 


3.TEST  RESULTS  . 


While  creating  and  investigating  two-medium 
supercavitating  foils  we  conducted  series  of 
tests  using  foils  with  the  following  parameters: 

■  40x200mm  plate;  cord  and  thick  at  the 
cross  section  bo=40mm  and  to=6mm 
(Fig.2). 

■  the  leading  profiles  parameter  t  (cavitating 
element’s  size)  was  been  varied  in  the  range 
of  1/6^to<5/6; 

■  the  body  sharpness  b  was  being  changed 
as  b/bo=4/8:3/8;2/8. 

The  plate  was  being  dipped  into  a  water 
stream,  moving  at  10m/sec  speed.  The  plate 
could  turn  around  a=0°  reaching  +10°,-10° 
with  the  step  2°. 

The  change  of  a  depth  of  foil  immersing  h 
permitted  to  change  the  cavitation  number 
within  the  range  of  0.08  <  a  <  0.02. 

Two  forces  acting  upon  the  foil  were  measured. 
These  were  the  forces  in  directions  Y  and  X 
corresponding  to  the  lift  (lateral)  force  and  drag 
(axial)  force. 

The  main  foil’s  characteristic  is  a  polar  - 
dependence  between  the  lift  force  coefficient 
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Cy  and  the  drag  force  coefficient  Cx.  Our  task 
is 

to  achieve  such  a  range  for  the  attack  angles 
which  makes  the  value  of  Cy  less  than  the 
value  of  Cy’,  where  Cy’  is  according  to 
allowable  loads  on  the  foil. 

Fig. 3  illustrates  the  way  to  the  offered  profile  of 
two-medium  foils;  polares  of  a  NACA  profile,  a 
wedge  profile  and  a  two-medium  profile. 
Decrease  in  Cy  value  depends  upon  increase 
in  Cx  value.  However  the  drag  force  is  not  so 
dangerous  since  it  is  directed  towards  the 
maximum  firmness  of  the  foil.  More  than  1'000 
tests  were  conducted  on  the  discussed  matter. 
Their  results  are  displayed  on  fig.  4-8. 

Fig.  4  demonstrates  the  experimental 
dependence  of  Cy  value  upon  attack  angles 
and  the  leading  edge  sharpness  t  ,while 
b/bo=const.  The  main  outcome:  the  range  of 
attack  angles,  guaranteeing  Cy=0,  increases 
with  increase  t.  But  when  t/to>0.5  such 
increase  is  insignificant. 

Experimental  measurements  of  the  drag 
coefficient  Cx  as  a  function  of  attack  angles  a 
and  leading  edge  sharpness  t  are  presented  on 
fig. 5.  The  main  outcome:  when  t/to>0.5,  we 
have  significant  increase  Cx  and  insignificant 
expansion  of  the  diapason  for  Cy=0. 

Fig. 6  and  7  show  dependence  of  hydrodynamic 
coefficients  Cy,  Cx  as  a  function  of  attack 
angles  and  a  body  sharpness  b.  Here  we  have 
increase  of  the  diapason  for  Cy=0  with  increase 
of  the  body  sharpness. 

The  total  conclusion:  the  optimum  configuration 
of  foil  we  have,  when  t/to=0.5  and  b/bo>0.5. 
Fig.8  illustrates  lift-drag  characteristics  as  a 
function  of  attack  angles  and  the  leading  edge 
sharpness.  Final  foil  configuration  choice 
should  be  made  according  to  the  technical 
requirements  for  two-medium  foils  and  for 
the  attack  angles  diapason,  where  Cy=0  or 
Cy<Cy'. 

Feasible  attack  angles  range  is  determined  by 
cavity's  shape  and  foil’s  configuration.  It  is 
limited  by  two  extreme  foil's  locations  inside  the 
cavity,  in  which  it  touches  upper  or  lower 
cavity's  edge. 

Developing  of  underwater  cavitating  foils  can 
be  conducted  with  the  aid  of  a  special  computer 
program.  This  program  allows  to  calculate  the 
attack  angles  Tange  for  the  given  foil's  shape 
and  the  cavitation  number.  It  also  calculates 
hydrodynamic  forces  coefficients  for  continuous 
and  supercavityTtow  regimes. 

Fig.  9,10  demonstrate  the  typical  examples  of 
these  calculations.  Allowing  for  an  error 
we  observe  quite  ocffTsisterTtoonlmnity  of 
experimental  data  with  the  oalculaftions. 


The  most  important  forces  of  two-medium  foils 
in  water  concentrate  on  the  cavitator.  Design  of 
a  special  cavitator  shape  (leading  edge 
sharpness)  will  permit  to  reserve  the  lift-control 
function  of  two-medium  foils  in  water. 

4. CONCLUSION. 

The  supercavitation  reduces  destructive  forces 
significantly. 

Design  of  the  new  type  foil,  which  operates 
effectively  in  two  medium  is  possible.  The  initial 
design  complete-shape  has  been  tested.  The 
results  of  experimental  and  calculation 
researches  and  so  optimization  of  such  foils 
are  submitted. 

Improved  lift-control  shapes  proposed  for  future 
testing. 
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Fig.8.  LEFT-DRAG  CHARACTERISTICS  AS  A  FUNCTION 
OF  ATTACK  ANGLE  AND  LEADING  EDGE  SHARPNESS 
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Angle  of  Attack:  -8.5* 

C,  =  0.865,  C,  =  0.129,  K  =  0.149 

XA(2)sO.OOO,  YA(2)  2.000,  XA(3) .  20.000,  YA(3)  =  6.400 

Fig.9.  LIMITING  CASES  FOR  FITTING  FOILS 
TO  CAVITY  SHAPES  DERIVED  FROM  MODEL 


Angle  of  Attack:  -3.0' 

C,  =  0.878,  Cy  = -0.046,  Ks-aOS2 

XA(2)>  0.000,  YA(2)=1000,  XA(3)  =  15.000,  YA(3)a6.400 

Fig.10.  LIMITING  CASES  FOR  FITTING  FOILS 
TO  CAVITY  SHAPES  DERIVED  FROM  MODEL 


30-1 


CAVITATION  SCALE  EFFECTS 

A  ElEPRESENTATION  OF  ITS  VISUAL  APPEARANCE  AND  EMPIRICALLY  FOUND  RELATIONS 

by 
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SUMMARY 

Incipient  cavitation  was  measured  on  four  rotational 
symmetric  test  body  families  and  a  NACA  16020 
profile  at  four  different  angles  of  attack,  varying  the  size 
of  the  test  bodies,  the  free  stream  velocity,  the  viscosity, 
and  the  free  stream  turbulence  level.  By  these 
experiments,  it  was  determined  that  all  four  parameters 
have  strong  effect  on  the  cavitation  inception  of 
submerged  bodies.  The  dependencies  of  the  cavitation 
number  on  these  parameters  are  called  scale  effects. 

As  a  prerequisite,  the  normally  covering  effect  of  the 
water  quality,  concerning  its  cavitation  susceptibility, 
had  to  be  got  under  control.  This  was  achieved  by 
measuring  the  tensile  strength  of  the  test  water  by 
means  of  vortex  nozzle  instrument. 

The  relations  deduced  from  the  experimental  results 
lead  to  empirical  scaling  relations  of  stunning 
simplicity. 


LIST  OF  SYMBOLS 


c 

constant,  defined  in  text 

^Pmin 

min.  pressure  coefficient 

K 

characteristic  cavitation  index 
free  of  scale  effects 

Ko 

basic  value  of  K  for  turbulence 
level  0  % 

L 

(m) 

characteristic  length 

PcO 

(N/m^) 

reference  pressure 

Peril 

(N/m2) 

critical  pressure 

Pv 

(N/m2) 

vapor  pressure 

P.S 

(N/m2) 

tensile  strength  of  test  liquid 

S 

(m/s) 

standard  deviation  of  the  free 
stream  velocity 

Tu 

(%) 

turbulence  level  S/V 

v„ 

(m/s) 

reference  velocity 

Vo 

(m/s) 

basic  velocity  of  12m/s 

P 

(kg/m^) 

mass  density  of  liquid 

CT 

cavitation  number 

ct' 

modified  cav.  number 

Oo 

basic  cavitation  number  of  a 
test  body  for  V*  =  0 

Oi 

cav.  inception  number 

mod.  cav.  incept,  number 

ACTts 

effect  of  tensile  strength  on 
cavitation  number 

ACTj 

effect  of  turbulence  on 
cavitation  number 

V 

(cSt) 

kin.  viscosity  of  liquid 

Vo 

(cSt) 

kin.  viscosity  of  water  at  20° 
Celsius 

1.  INTRODUCTION 

This  report  strives  to  represent  the  problem  of  scaling 
cavitation  phenomena  and  its  technical  relevance,  and 
contains  new  experimental  results  in  the  field  of 
cavitation  inception  research.  Its  focus  is  on  the 
problems  encountered  when  model  tests  are  used  to 
determine  the  cavitation  behavior  of  a  prototype.  There 
are  numerous  examples  where  the  model  was  observed 
to  be  cavitation  free  at  design  operating  conditions, 
however,  the  prototype  suffered  extensive  cavitation  to 
severe  damage  under  similar  conditions. 

The  cavitation  phenomenon  has  received  widespread 
attention  and  intense  investigation  in  many  fields  of 
engineering,  ranging  from  aerospace  to  civil 
engineering,  from  ship  building  to  turbine  and  pump 
industry.  Although  the  occurrence  of  scale  effects  with 
model  tests  has  long  been  well  known  and  was  already 
mentioned  1930  by  Ackeret,  it  can  be  stated,  that  there 
is  no  generally  accepted  similarity  law,  neither  for  the 
transfer  of  model  test  results  to  the  prototype,  nor  even 
for  test  results  of  identical  or  similar  model  bodies 
investigated  in  different  test  facilities.  As  early  as  1963 
the  Cavitation  Committee  of  the  ITTC  initiated  a 
comparative  test  program  related  to  cavitation  inception 
on  head  forms.  The  results  were  widely  scattered  in  that 
an  increase  of  velocity  lead  to  decreasing,  constant  or 
increasing  cavitation  indices  (Lindgren,  Johnsson, 
1966). 

Later,  extensive  comparative  tests  in  the  70-ies  on 
hydrofoils  were  initiated  by  the  ITTC.  The  aim  of  the 
test  program  was  to  determine  inception  of  different 
types  of  cavitation  as  a  function  of  tuimel  water  speed 
and  gas  content  ratio.  Again  the  data  showed  large 
differences  between  the  various  tunnels  and  observers 
(ITTC,  1978).  Fig.  1  shows  the  dilemma  of 
incomparability  of  test  results.  It  is  one  example  of 
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many  that  can  be  found  in  the  literature.  Large 
differences  in  inception  number  and  its  velocity 
dependency  are  found  between  the  tunnels  involved. 


Fig.  1:  Experiments  on  tip  vortex  cavitation  on  a 
hydrofoil  circulated  to  several  laboratories,  as  an 
example  of  the  dilemma  of  uncomparativity  of  even  the 
best  test  results  available  (ITTC,  1978). 

Many  summaries  of  this  problem  are  available  in  the 
literature,  and  it  is  not  the  intent  of  this  paper  to  provide 
yet  another  review.  However,  an  attempt  will  be  made 
to  document  the  complexity  of  the  scale  effects,  and  to 
show  the  state  of  development  of  scaling  laws,  which 
were  evaluated  from  long  series  of  cavitation  tests  on 
different  test  body  femilies  at  the  hydraulic  laboratory  in 
Obernach. 


2.  VISUAL  APPEARANCE  OF  THE  SCALE 
EFFECTS  FOR  THE  DIFFERENT 
PARAMETERS  OF  INFLUENCE  FOR  THE 
CAVITATION  PHENOMENON 


The  classical  cavitation  index 

For  estimation  of  the  danger  of  cavitation  of  hydraulic 
machines,  such  as  pumps  and  turbines,  elements  of 
ships,  or  hydraulic  structures  in  civil  engineering,  the 
beginning  and  subsequent  development  of  cavitation 
phenomena  are  evaluated  experimentally.  The 
submerged  parts  are  investigated  as  models  in  a  test 
facility,  and  by  means  of  e.g.  the  Thoma  number  its 
cavitation  behavior  is  judged.  The  key  parameter,  which 
is  used  usually,  is  the  dimensicmless  cavitatiwi  index 

CT  =2(P„-Pv)/pV„"  (1) 


wherein  P*  and  are  a  characteristic  pressure  and 
velocity  of  the  flow  upstream  of  the  body,  p  and  Py 
represent  the  density  and  vapor  pressure  of  the  liquid, 
respectively.  This  classical  relation  (1)  is  deduced  from 
the  dimensionless  minimum  pressure  coefficient,  Cpmm, 
where  it  is  assumed  that  the  minimum  pressure 
corresponds  to  the  vapor  pressure  of  the  liquid. 

The  cavitation  theory  assumes,  that  the  cavitation 
phenomena  at  the  model  and  the  prototype  for 
geometrically  similar  bodies  are  identical  at  equal  a- 
values,  irrespective  of  variations  in  physical  parameters 
like  body  size,  flow  velocity,  temperature,  type  of  the 
liquid,  etc.  One  particularly  important  value  of  a  is  the 
value  at  which  cavitation  is  first  observed,  for  this 
cavitation  condition  is  definable  the  most  precisely.  All 
conditions  beyond  this  must  be  denoted  as  developed 
cavitation,  and  are  not  repeatable  precisely  for  another 
observer.  The  difficulty  of  reproducing  cavitation 
inception  at  one  test  body  in  different  test  facilities,  is 
pointed  out  by  the  wide  scatter  of  comparable  results  in 
the  literature. 

From  systematic  investigations  and  experience  in 
practice  it  is  well  known,  that  the  classical  cavitation 
relation  allows  no  sufficiently  precise  transfer  of  test 
results  from  the  model  to  the  prototype.  At  a  submerged 
part  of  a  prototype  fully  developed  cavitation  is  visible, 
whilst  at  its  model  at  identical  cavitation  number  no  or 
just  beginning  cavitation  can  be  observed.  Also,  at 
identical  test  bodies,  differently  marked  cavitation  is 
observable  if  they  are  exposed  to  different  velocities  at 
equal  o-values.  Differences  in  the  viscosity  of  the  fluid 
and  the  turbulence  level  of  the  flow  have  possibly 
additional  strong  effects  on  the  extension  of  cavitation  . 
TTiese  differences  in  the  cavitation  phenomena  at  model 
and  prototype,  or  at  one  test  body  at  equal  a  but 
different  flow  parameters,  are  summarized  under  the 
term  "scale  effects". 


Water  Quality  Effect 

Basic  supposition  with  cavitation  investigations  is,  that 
the  rupture  of  liquids  begins  when  the  pressure  in  the 
flow  around  a  submerged  body  reaches  vapor  pressure, 
Pv,  as  equation  (1)  implies.  The  fact  that  cavitation  tests 
at  identical  test  bodies,  or  even  the  same  test  body, 
carried  out  in  different  test  facilities  lead  to  totally 
different  results  (e.g.  Lindgren  Jcrfmson,  1966;  ITI'C, 
1978)  proves  this  assumption  to  be  valid  only  as  the 
exception.  This  wide  range  of  experimental  results  can 
be  attributed  primarily  to  different  tensile  strength,  P,s, 
of  the  test  liquid,  i.e.  to  different  water  quality 
concerning  its  cavitation  susceptibility. 

The  following  photo  series  illustrate  this  fact.  Photo 
series  1  shows  the  effect  of  tensile  strength  of  the  test 
water  on  the  hemispherical  test  body.  In  the  first  photo. 
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no  cavitation  is  observable  due  to  high  tensile  strength 
of  the  test  water,  whilst  at  the  second  photo,  at  equal 
cavitation  number  (a  =  0.43)  and  equal  flow  velocity 
(V*  =  1 1 .00  m/s)  violent  cavitation  is  registered  after 
the  capability  of  the  water  to  withstand  a  tension  is 
destroyed. 


a)  High  tensile  strength  of  the  test  water;  no  cavitation; 
V«,=  9,50  m/s  a  -  0,69 


a)  No  cavitation,  at  high  tensile  strength  of  the  test 
water;  =  1 1,00  m/s,  cr  =  0,43 


b)  Zero  tensile  strength  of  the  test  water;  heginning  tip 
vortex  cavitation;V«,=  9,50  m/s,  c  =  0,69 


b)  Developed  cavitation  after  tensile  strength 
of  the  test  water  is  removed;  W^=  1 1,00  m/s 
CT  =  0,43 


Photo  series  1:  Effect  of  tensile  strength  of  the  test  water  c)  Negative  tensile  strength  of  the  test  water; 
on  the  cavitation  appearance,  for  the  example  of  a  travelling  bubble  and  developed  tip  vortex 

hemispherical  body  (body  diameter  60  mm)  cavitation;  V„o=  9,50  m/s,  o  =  0,69 


In  photo  series  2  the  cavitation  phenomena  at  the  tip  of 
a  profile  (NACA  16  020,  angle  of  attack  6°)  are  shown, 
for  three  different  water  qualities  at  equal  cavitation 
number  (a  =  0.69)  and  equal  flow  velocity  (V«,  =  9.5 
m/s).  In  the  first  photo  no  cavitation  is  visible  at  high 
tensile  strength  of  the  test  water.  In  the  second  photo, 
for  a  water  quality  of  zero  tensile  strength  (definition 
see  below),  beginning  tip  vortex  cavitation  can  be 
recognized.  A  fixed  cavity,  caused  by  a  surface 
irregularity  is  also  visible.  For  negative  tensile  strength 
of  the  test  water,  a  fully  developed  tip  vortex  cavitation 
and  single  bubble  cavitation  at  the  profile  is  registered. 


Photo  series  2:  Effect  of  the  water  quality  on  the 
cavitation  appearance  for  the  example  of  a  NACA 
16020  profile  (chord  200mm,  a  =  6°) 

The  classical  relationship  (1)  assumes  that  the  critical 
pressure  for  the  rupture  of  a  liquid  corresponds  to  its 
vapor  pressure.  However,  the  factual  critical  pressure, 
i.e.  the  tensile  strength  P,s  of  a  liquid,  depends  strongly 
on  its  gas  content,  its  content  of  so-called  cavitation 
nuclei,  and  its  prehistory.  Unquiescented  water  with 
high  gas  content  can  carry  big  bubbles  in  high 
concentration,  so  that  this  water  quality  cannot  bear  any 


30-4 


tensile  strength.  To  the  contrary,  the  bubbles  grow  in 
zones  of  low  pressure  even  before  reaching  vapor 
pressure,  and  thus  feign  cavitation..  This  water  quality  is 
denoted  as  negative  tensile  strength,  and  the 
corresponding  cavitation  phenomenon  is  called  pseudo 
cavitation.  On  the  other  hand  clean,  degassed  and 
quiescented  water  can  attain  high  tensile  strength,  so 
that  bubbles  or  cavities  can  develop  only  after  the  liquid 
is  ruptured  at  pressures  more  or  less  far  below  vapor 
pressure.  Thus  the  aitical  pressure  of  a  liquid  at 
cavitation  inception  can  deviate  to  both  sides  Ifom 
vapor  pressure. 

The  number  for  beginning  cavitation,  <Ji,  can  be  made 
tree  of  water  quality  effects,  by  replacing  vapor 
pressure,  Py,  by  the  actual  critical  pressure  for  rupture 
of  the  liquid,  Pcrit  =  Pv  -  Pts^ 

cr  =  2(P„-Perit)/pV„' 

=  2[P„-(Pv-P,s)]/pV^'  (2) 

This  modified  cavitation  number  for  inception,  Oi' ,  can 
also  be  written  in  the  form  ai'=  Oj  +  Actis,  with 

Aa„=2PJpVj  (3) 

As  shown  in  Figure  2  schematically,  the  effect  of  the 
tensile  strength,  P,s,  of  a  liquid  for  cavitation  tests  can  be 
essential.  Whereas  Ac  for  a  given  P,s  is  relatively  small 
for  high  velocities,  it  grows  rapidly  with  decreasing 
velocity,  and  toids  theoretically  towards  infinity  when 
approaching  zero  velocity.  With  increasing  velocity  the 
curves  asymptotically  approach  the  curve  for  zero 
tensile  strength,  and  then  follow  the  velocity  scaling 
law,  i.e.  increasing  Oi  with  increasing  flow  velocity  (for 
definition  of  the  velocity  scaling  law  see  later). 


Fig.  2:  Schematically  represented  test  results  for 
cavitation  inception,  with  and  without  tensile  strength  of 
the  test  liquid  (chosen  tensile  strength  P^  =  0.2  bar). 

The  results  shown  in  the  photo  series,  as  well  as  the  test 
results  with  different  water  qualities  imply  that 
cavitation  phenomena  react  extremely  sensitively  to 
water  quality.  This  explains  the  tremendous  scatter  of 
the  results  in  comparable  tests.  Even  small  differences 
in  water  qixality  can  lead  to  big  differences  in  cavitation 
inception  number.  Thus  water  quality  effects  can  lead  to 


confusing  results  at  cavitation  tests,  and  this  effect  can 
outweigh  real  scale  effects  in  cavitation  tests,  thus 
leading  to  totally  wrong  conclusions  concerning  the 
process  for  rationally  extrapolating  model  data  to 
estimates  of  prototype  cavitation  behavior  of  any  given 
facility. 

Therefore  a  measurement  technique  to  determine  the 
tensile  strength  of  the  test  liquid  was  developed  to  its 
routinely  applicable  form,  and  used  throughout  the  test 
program  for  the  evaluation  of  the  real  scale  effects. 
Details  of  this  technique  (Vortex  Nozzle  Chamber, 
VNC)  as  a  cavitation  susceptibility  meter  are  already 
published,  and  will  not  be  dealt  with  here  (e.g.  Keller, 
1981,1984). 

Velocity  Scale  Effect 

The  following  photo  series  3  gives  an  example  of  the 
velocity  scale  effect,  meaning  the  appearance  of 
cavitation  at  a  submerged  body  at  constant  cavitation 
number  o  for  different  flow  velocities.  The  water 
quality  concerning  its  cavitation  susceptibility  was  held 
constant  at  zero  tensile  strength  throughout  the  tests. 
Whilst  at  the  respective  lowest  flow  velocities  just 
beginning  cavitation  can  be  recognized,  at  higher 
velocities  distinctly  further  developed  cavitation  is 
observable  at  constant  a. 


Cavitation  inception  at  cr  =  0.41,  V„  =  8.0  m/s 


Developed  cavitation  at  ct  =  0.41,  V„  =  14.0  m/s 


Photo  series  3:  Velocity  scale  effect  for  cavitation  at  the 
Schiebe  body  of  60  mm  diameter 
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Size  Scale  Effect 

The  photo  series  4  gives  an  example  of  the  size  scale 
effect,  i.e.  the  appearance  of  cavitation  at  three  model 
bodies  of  identical  form  but  of  different  size.  Again  the 
test  conditions  are  equal  cavitation  number,  and  this 
time  even  equal  flow  velocity.  Whilst  at  the  respective 
smallest  model  just  beginning  cavitation  can  be 
recognized,  with  increasing  body  size  distinctly  further 
developed  cavitation  is  visible. 


Turbulence  Scale  Effect 

Most  recent  investigations  reveal,  that  the  turbulence 
level  of  the  free  flow  also  has  an  influence  on  the 
beginning  and  the  development  of  cavitation  at 
submerged  bodies  (Keller,  1996,  1997).  At  otherwise 
equal  flow  parameters,  the  cavitation  inception  number 
increases,  or  cavitation  develops  further  at  constant  a, 
with  increasing  flow  turbulence.  The  photo  series  5 
illustrates  these  facts.  For  a-values  at  cavitation 
inception  and  a  natural  turbulence  level  of  the  cavitation 
tunnel  of  ca.  1  %,  the  cavitation  appearance  develops 
just  by  increasing  the  flow  turbulence. 


b)  body  size:  30  mm,  a  =  0.26,  V«,=  1  l.Om/s 
somewhat  developed  cavitation 


b)  developed  cavitation,  S  =  0.56  m/s  (Tu  =  7%), 
(j  =  1 .78,  V„  =  8.0  m/s,  L  =  30  mm 


c)  body  size:  60  mm,  o  =  0.26,  =  1 1.0  m/s, 

fully  developed  cavitation 

Photo  series  4:  Size  scale  effect  for  cavitation  at  the 
Schiebe  body,  for  cj  and  V«,  corresponding  to  cavitation 
inception  at  the  smallest  body  size. 


c)  fully  developed  cavitation,  S  =  0.96  m/s  (Tu  =12%), 
CT=  1.78,  V„  =  8.0m/s,  L  =  30  mm 


Photo  series  5:  Turbulence  scale  effect  for  cavitation  by 
example  of  the  1/8  caliber  ogive  body,  at  a  and 
corresponding  to  cavitation  inception  at  S  =  0.08  m/s 


a)  body  size:  15  mm,  a  =  0.26,  ¥„=  1 1.0  m/s 
beginning  cavitation 


a)  cavitation  inception,  S  =  0.08  m/s  (Tu  =1%), 
CT=  1.78,  V„  =  8.0  m/s,  L  =  30  mm 
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Viscosity  Scale  Effect 

With  the  application  of  the  classical  cavitation 
parameter  a  (1)  it  is  farther  assumed,  that  the  cavitation 
conditions  for  model  and  prototype  for  geometrically 
similar  bodies  are  identical  also  irrespective  of  the  type 
of  the  liquid,  i.e.  irrespective  of  its  viscosity.  To 
investigate  this  parameter,  extensive  cavitation  tests 
were  conducted  in  glycerin-  water  mixtures. 

These  investigations  revealed  that  the  viscosity  of  a 
liquid  has  an  tremendous  effect  on  the  cavitation 
occurrence  at  submerged  bodies.  The  results  are 
published  elsewhere  in  detail  (Keller,  Kuzman-Anton, 
1992;  Keller,  1992,  1994).  Unfortunately  the  viscosity 
scale  effect  was  not  documented  in  photo  series. 


3.  THE  EMPmCALLY  EVALUATED 

RELATIONS  FOR  THE  SCALE  EFFECTS 

None  of  the  parameters  of  influence  represented  above 
is  taken  into  consideration  in  the  classical  relationship 
for  cavitation  (1).  In  the  past  years  these  parameters  and 
their  scale  effects  were  investigated  in  long  lasting  test 
series  in  Obemach.  By  focusing  on  the  parameter  of 
influence  generally  blurring  experimental  results,  i.e. 
the  tensile  strength  of  the  liquid,  clear  dependencies  for 
size,  velocity,  viscosity  and  turbulence  scale  effects 
were  revealed,  and  it  was  proven,  that  cavitation  tests 
performed  without  consideration  of  the  "water  quality" 
on  cavitation  susceptibility  do  not  lead  to  usefal  and 
comparable  results.  Experimental  results  obtained  with 
water  quality  considered,  show  a  surprisingly  clear 
regularity  with  regard  to  the  real  scale  effects. 


Fig.  3:  Cavitation  number  -  velocity  relation  for 
cavitation  inception  for  all  body  types  in  liquids  of  zero 
tensile  strength 


As  a  summary,  a  representative  selection  of  the  results 
of  all  previously  tested  bodies  are  displayed  in  Fig.  3. 
The  classical  cavitation  number  a  for  incipient 
cavitation  is  plotted  versus  the  flow  velocity  V„ 
irrespective  of  shape,  size,  and  liquid  viscosity,  the  data 
points  for  all  test  bodies,  connected  by  curves,  show  a 
steady  increase  of  the  a-number  with  inaeasing 
velocity.  The  curves  start  from  a  basic  o-value,  cto,  for 
the  reference  velocity  V„=  0.  Altogether  there  appears  a 
striking  regularity  in  the  set  of  curves. 

Velocity  Scaling  Relation 

To  show  the  evaluation  of  the  velocity  scaling  relation 
for  beginning  cavitation,  the  same  selection  of  test 
results  as  in  Fig.3  is  plotted  in  the  most  basic  form,  i.e. 
pressure  P„  versus  flow  velocity  V„  in  Fig.  4.  Again  a 
regular  set  of  curves  appears,  which  converges  as  the 
velocity  tends  to  zero.  Since  the  water  quality  for  all  test 
series  was  kept  to  zero  tensile  strength,  the  point  of 
convergence  must  correspond  to  vapor  pressure  (Py  =  2 
kPa),  as  the  visual  check  confirms. 

A  polynom  of  4th  power  proved  to  be  the  most  suitable 
relation  to  fit  the  test  data  in  Fig.  4: 

Poo  =  Peri, +  C,V„'  +  C2V„^  (4) 

After  some  modifications  of  equation  (4),  the  relation 
for  the  velocity  scale  effect  presents  itself  as  follows 
(for  detailed  deduction  see  Eickmann,  1992,  Keller 
1994): 

Oi  =ao(l  +  V„2)/Vo')  (5) 

The  basic  value  ctq  is  thus  a  characteristic  parameter  of  a 
distinct  body,  from  which  the  o-value  for  each  velocity 
can  be  calculated.  The  constant  Vq  has  proved  to  be  a 
generally  valid  basic  velocity  (Vo  =  12,7  m/s), 
irrespective  of  the  body  shape,  size,  and  type  of  fluid. 
At  this  velocity  the  o  number  is  twice  the  <jo-value. 


Fig.  4:  Pressure  -  velocity  relation  for  cav.  inception 
for  all  body  types  in  liquids  of  zero  tensile  strength 
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Size  Scaling  Relation 

However,  oq  is  still  dependent  on  the  size  of  a 
geometrically  similar  body.  The  analysis  of  the  test 
results  concerning  this  parameter  revealed,  that  the  size 
scaling  follows  the  square  root  of  a  characteristic 
dimension,  L.  A  plot  of  oq  of  a  selection  of  test  body 
families  versus  L  (Fig.  5)  confirms  this;  the  data  points 
can  be  very  well  approximated  by  parabolas,  i.e 

(To  =  k  (6) 

where  the  quantity  k  is  now  a  characteristic  factor  which 
determines  the  cavitation  behavior  of  a  body  shape. 


Fig.  5:  Plot  of  basic  cavitation  number  ctq  versus  size  L 
of  submerged  bodies;  rotational  symmetric  bodies  and 
NACA  65  006  foils 


The  supposition,  that  CTq  becomes  zero  irrespective  of 
body  shape,  when  the  size  of  the  test  body  converges  to 
zero,  is  physically  explainable,  if  one  considers  the  fact, 
that  at  that  point  there  is  no  difference  anymore  between 
the  body  shapes,  no  boundary  layer  can  develop  in  the 
flow,  etc. 


Viscosity  Scaling  Relation 

For  model  tests  in  water,  and  the  transfer  of  the  result  to 
the  prototype  in  water  of  approximately  the  same 
temperature  and  thus  the  same  viscosity,  this  factor  k 
would  be  applicable.  However,  if  viscosity  plays  a  role, 
then  viscosity  scale  effects  must  be  taken  into  conside¬ 
ration.  In  Fig.  6  the  k-values  of  NACA  65  006  profiles, 
tested  in  water  and  water-glycerin  mixtures  are  plotted 
versus  the  relation  of  the  kinematic  viscosity  of  water  at 
20°  C,  Vo,  to  the  kinematic  viscosity  of  the  liquid,  v  ,  to 
the  power  0.25. 

The  mean  k-values  for  one  angle  of  attack  lie 
approximately  on  straight  lines.  The  scatter  of  the 
results  and  the  deviations  from  the  regression  lines  must 
be  considered  under  the  aspect  of  very  difficult 
achievement  of  zero  tensile  strength  in  the  test  liquids 


during  the  test  series.  Thus  the  viscosity  scaling  follows 
the  law: 


k  =  K(vo/v)'''' 


(7) 


where  K  is  a  cavitation-related  shape  factor,  now 
independent  of  flow  velocity,  size,  and  viscosity  of  the 
fluid. 
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Fig.  6:  k-value  -  viscosity  relation,  evaluated  from  test 
results  at  NACA  65  006  profiles  of  different  size  and 
angles  of  attack  in  water  and  water-glycerin  mixtures  of 
zero  tensile  strength. 


Turbulence  Scaling  Relation 


Finally,  most  recent  investigations  on  the  influence  of 
the  flow  turbulence  on  cavitation  reveal,  that  cavitation 
number  <t  increases  with  the  turbulence  intensity  of  the 
free  flow  (Keller,  1996,  1997).  In  Fig.  7  the  connection 
between  cavitation  inception  and  flow  turbulence  is 
represented  by  example  of  the  blunt  test  body  family.  A 
considerable  growth  of  the  classical  cavitation  number 
CT  with  the  turbulence  level  Tu  is  ascertained.  Besides 
this  turbulence  effect,  the  before  mentioned  scale  effects 
for  velocity  and  size  are  also  evident. 


■Fig.  7:  Cavitation  inception  at  the  blunt  test  body 
family,  in  the  conventional  plot  a-value  versus  flow 
velocity,  for  turbulence  levels  of  the  free  flow  from 
natural  up  to  ca.  20  % 
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In  order  to  show  the  effect  of  the  flow  turbulence 
without  the  superimposed  effects  for  velocity  and  size, 
in  Fig.  8  the  K-values  of  the  blunt  body  family  are 
plotted  versus  the  standard  deviation  of  the  flow 
velocity,  together  with  the  regression  line  through  the 
test  data.  In  Fig.  9  the  regression  lines  evaluated  from 
the  cavitation  test  data  at  four  rotational  symmetric 
bodies  and  a  NACA  profile  at  various  angles  of  attack 
are  plotted  versus  the  standard  deviation  S,  of  the  flow. 
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Fig.  8:  New  characteristic  number  K  for  cavitation 
inception  at  the  blunt  test  body  family,  versus  the 
standard  deviation  S  of  the  free  flow  velocity,  together 
with  the  regression  line  through  the  data  points 


Fig.  9:  Combination  of  the  regression  lines  for  the 
investigated  rotational  symmetric  test  bodies  of  different 
shape  and  a  NACA  profile  at  various  angles  of  attack, 
versus  the  standard  deviation  of  the  free  flow  velocity 

The  dependency  of  the  new  characteristic  parameters  K 
on  the  standard  deviation,  S,  of  the  velocity  of  the  free 
flow  can  be  approximated  by  the  relation 

K  =  Ko(l  +  KoS/4)  (8) 

where  Kq  represents  a  basic  value  of  the  new 


characteristic  cavitation  number  K  at  a  turbulence  level 
of  0  %,  S  represents  the  standard  deviation  of  the  free 
flow.  Ko  must  be  derived  experimentally.  The  Ko-values 
evaluated  so  far  are  listed  in  Table  1. 


Table  1 :  Ko-values  of  the  investigated  bodies 


Testbody 

Ko 

Testbody 

Ko 

hemispherical 

2.5 

NACA,  6° 

1.2 

conical 

4.5 

NACA,  9° 

2.2 

1/8  cal.  ogive 

6.5 

NACA,  12° 

3.4 

blunt 

7.7 

NACA,  15° 

5.5 

4.  DISCUSSION 

After  removing  the  main  factor  for  confusing  and 
blurring  test  results,  i.e.  the  liquid  quality  effects  with 
regard  to  its  tensile  strength,  and  after  carrying  out 
extensive  test  series,  where  only  one  parameter  of 
relevance  was  varied  while  all  the  others  were  kept 
constant,  strikingly  simple  and  clear  relations  for  scale 
effects  appear.  Starting  with  equation  (5)  for  the 
velocity  scaling,  and  using  the  relations  (6),  (7)  and  (8), 
one  gets  the  complete  and  purely  empirical  relation  for 
all  the  investigated  scale  effects: 

01=  KoL'^^(vo/vr[l+(V,o/Vo)'](l+KoS/4)  (9) 

Knowing  Kq  for  a  certain  body  contour,  the  o-number 
for  cavitation  inception  at  that  type  of  body,  for  every 
size,  flow  velocity,  viscosity  of  tiie  fluid  and  turbulence 
level  of  the  flow  should  be  predictable.  In  principle  the 
shape  factor  Ko  can  be  evaluated  experimentally 
through  a  single  cavitation  experiment,  by  evaluating  oi 
with  the  help  of  equation  (2),  for  a  certain  model  body 
of  known  size,  flow  velocity  and  its  standard  deviation, 
and  knovm  viscosity  of  the  liquid.  However,  it  must  be 
ensured  that  the  liquid  quality,  concerning  its  cavitation 
susceptibility,  P,s,  is  determined  as  precisely  as  possible. 

All  the  shown  results  make  it  evident  that  there  are 
deviations  from  the  classical  relation  (1),  which  is  based 
on  the  assumptions  that  all  pressure  differences  in  the 
flow  are  proportional  to  0.5  pV„^,  i.e.  that  no  other 
forces  than  inertia  forces  are  effective,  and  that  the  criti¬ 
cal  pressure  for  cavitation  occurrence  is  the  vapor 
pressure.  This  assumption  also  implies  that  Oi  should 
equal  the  minimum  pressure  coefficient  Cpmi„. 

The  reason  for  the  departures  from  the  classical  theory 
must  be  looked  for  in  viscous  forces  and  bubble 
dynamics  effects.  The  actual  flow  around  a  body  and  its 
pressure  depart  from  the  ideal  flow,  because  of  the 
boundary  layer  creating  turbulent  pressure  fluctuations 
and  other  effects  acting  on  cavitation  nuclei  carried  in 
the  flow.  Thereby  it  is  obvious  that  the  cavitation 
phenomena  respond  as  sensitive  to  the  water  quality  as 
they  respond  to  pressure  fluctuations  in  the  flow  caused 
by  viscous  effects. 
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The  similarity  law  for  the  departures  caused  by  viscous  thus  be  only  explained  by  an  uncontrolled  and  unknown 

effects  is  expressed  by  the  Reynolds  number.  To  change  of  the  water  quality  during  the  experiments, 

maintain  a  constant  ratio  of  inertia  to  viscous  forces  the 

Reynolds  number,  Re,  must  be  kept  constant.  Although  the  understanding  of  the  physical  mechanisms 

remains  shallow,  and  analytical  /numerical  prediction 
Re  =  VL  /  V  =  const  methods  are  nonexistent,  the  reported  findings  leave 

hope  that  the  pessimistic  views  listed  in  the  introduction 
Therefore  often  the  cavitation  number  C7  is  correlated  to  can  be  turned  into  more  optimistic  prospects.  It  seems 

the  Re-number,  or  a  certain  power  of  it,  respectively.  If  that  there  is  a  universal  kind  of  cavitation  and  a  single 

the  classical  similarity  relation  would  hold,  oi  would  be  scaling  law  will  suffice.  However,  to  find  out  the  correct 

independent  of  Re,  and  if  the  scale  effects  are  solely  physical  model  for  cavitation  onset,  more  and 

caused  by  viscous  forces,  there  should  be  a  clear  de-  sophisticated  experiments  are  necessary, 
pendency  of  Oj  on  Re. 


To  demonstrate  that  this  is  not  true,  the  above  relations 
for  size,  velocity  and  viscosity  are  plotted  in  the  cj-Re 
diagram.  By  applying  equation  (9)  for  the  example  of 
the  hemispherical  body  (Ko  =  2.5X  and  starting  at  the 
point  for  the  body  size  of  30  mm  diameter,  10  m/s  flow 
velocity,  a  turbulence  level  of  ca.  1%  and  a  cinematic 
viscosity  for  water  at  20°C,  i.e.  Re  =  298800,  the  ar 
values  are  plotted  versus  Re,  changing  Re  by  varying 
the  three  Re-parameters,  V<„,  L,  and  v  separately. 


Fig.  10:  Variations  of  (Ji  with  Reynolds  number,  by 
changing  V„,  L  and  v  separately. 

In  general,  increasing  the  Re-number  by  increasing  the 
flow  velocity  (V*),  the  body  size  (L),  or  deaeasing  the 
viscosity  (v),  respectively,  causes  the  CTi-number  to 
increase,  however,  the  rate  of  increase  is  totally 
different,  so  that  different  cji-values  result  at  equal  Re¬ 
numbers  even  for  the  same  body,  depending  on  the  Re¬ 
parameter  changed . 

The  variations  of  Ci  with  the  turbulence  level  of  the  flow 
and  the  tensile  strength  of  the  liquid  at  eonstant  Re¬ 
number  are  indicated  by  vertical  arrows. 

There  is  no  indication  at  any  of  the  presented  results  that 
an  increase  of  the  Re-number  through  size,  velocity,  or 
viscosity  causes  a  decrease  in  the  cavitation  number,  as 
is  reported  from  several  results  in  the  literature.  The 
decrease  in  cts  with  e.g.  increasing  velocity  or  size,  can 


5.  CONCLUSIONS 

The  prediction,  or  better,  the  avoidance  of  cavitation,  is 
the  aim  for  the  design  of  hydraulic  machines  and 
structures.  Model  tests  are  necessary  because  cavitation 
still  eyades  exact  theoretical  prediction.  With  the 
transfer  of  model  test  results  to  the  prototype,  discrepan¬ 
cies  arise  from  the  expected  cavitation  behavior.  TTiese 
discrepancies  are  called  scale  effects. 

The  complexity  and  the  number  of  the  scale  effects  let 
account  for  the  fundamental  questions  still  open  with 
the  transfer  of  cavitation  tests.  Innumerable  examples 
can  be  found,  where  a  model  was  observed  to  be 
cavitation  free  at  the  design  a,  and  under  similar 
conditions  the  prototype  suffered  extensive  cavitation, 
which  led  possibly  within  short  time  to  massive 
damages. 

Through  extensive  experimental  work  the  scale  effects 
on  hydrodynamic  cavitation  of  flow  velocity,  body  size, 
viscosity  of  the  liquid,  and  flow  turbulence  were 
evaluated,  after  the  covering  effect  of  water  quality, 
concerning  its  cavitation  susceptibility,  was  got  under 
control.  Relations  for  the  scale  effects  were  evaluated, 
which  altogether  lead  to  the  following  overall  relation: 

CT,  =  Ko  (vo/vy'^  [1  +  (VJ  Vo)']  (1  +  Ko  S  /  4) 

This  relation  proved  to  be  valid  for  all  investigated  body 
types.  Only  one  basic  characteristic  parameter,  Ko,  for  a 
distinct  body  shape  is  necessary  to  evaluate  cavitation 
inception  of  this  body  at  any  size,  flow  velocity, 
viscosity  of  the  liquid,  and  flow  turbulence.  The  shape 
factor,  Ko,  must  be  evaluated  experimentally  by  a 
cavitation  test,  under  strict  control  of  the  water  quality. 

These  purely  empirical  scaling  relations  are  of  stunning 
simplicity,  and  the  general  validity  is  astonishing. 
However,  the  relations  should  be  checked  by  other 
observers  in  all  kinds  of  facilities.  But  only  if  a  standard 
water  quality  measuring  instrument,  respectively  a 
critical  pressure  definition  method  is  routinely  used  for 
the  cavitation  inception  experiments,  comparable  test 
results  can  be  expected. 


The  cavitation  phenomenon  proves  to  be  as  one  of  the 
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most  difficult  problems,  with  which  an  engineer  in  the 
area  of  hydromechanics  is  confronted.  It  is  believed  that 
the  obtained  findings  about  the  influence  of  the  different 
parameters  on  the  cavitation  appearance,  and  the 
derived  empirical  relations  will  provide  a  step  forward 
in  the  efforts  towards  a  better  understanding  of  the 
extremely  complicated  cavitation  phenomenon.  It  still 
remains  a  big  need  of  further  theoretical  and 
experimental  research  in  order  to  reveal  the  very  process 
of  cavitation  inception  and  the  scale  effects. 
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SUMMARY 

Results  of  experiments  performed  by  ejecting  semi-dilute 
drag  reducing  polymer  solutions  from  an  orifice  situated  at 
the  tip  of  an  elliptical  hydrofoil  are  reported.  It  is 
demonstrated  that  the  conditions  for  tip  vortex  cavitation 
occurrence  are  substantially  modified  by  the  ejection  of 
very  small  flow  rates  of  the  polymer  solutions  while  non 
appreciable  alteration  occurred  when  pure  water  is  ejected. 
In  order  to  investigate  the  causes  of  the  cavitation 
inhibition  effect,  axial  and  tangential  velocity  profiles 
along  the  tip  vortex  in  the  very  near  region,  comprised 
between  the  tip  and  one  maximum  chord  downstream,  were 
measured  using  Laser  Doppler  Anemometry.  Statistical 
information  on  the  moments  and  cross  moments  of  the 
velocity  fluctuations  were  also  obtained.  The  ejection  of 
the  polymer  solution  results  in  the  widening  of  the  viscous 
core  of  the  tip  vortex,  where  the  tangential  velocities  are 
reduced  as  compared  to  the  pure  water  situation  and  the  axial 
velocities  display  a  marked  wake  effect.  Changes  are  also 
apparent  on  the  root  mean  square  and  skewness  of  the 
velocity  fluctuations  and  on  the  cross  moment  of  the  axial 
and  tangential  velocity  fluctuations.  Analysis  of  the  data 
indicates  that  the  velocity  modifications  may  be  associated 
to  the  swelling  of  the  polymer  solution  when  issuing  from 
the  orifice.  The  changes  of  the  velocity  fluctuation  and 
cross  moments  shows  that  they  are  essentially  caused  by 
the  spatial  bias  introduced  by  the  finite  dimension  of  the 
measuring  volume  and  the  wandering  of  the  vortex;  "true" 
turbulence  being  a  relatively  small  additional  effect.  By 
simulating  the  spatial  bias  effect  it  is  shown  that  the 
ejection  of  the  polymer  solution  results  in  a  nearly 
complete  suppression  of  the  "true"  turbulence  in  the  core 
region. 

1.  INTRODUCTION 

Since  tip  vortex  cavitation  is  generally  the  earliest  form  of 
cavitation  to  occur,  much  attention  has  been  devoted  to 
investigate  the  conditions  of  inception  and  desinence  on 
propellers  and  hydrofoils. 


We  recall  that  on  a  finite  span  wing,  for  specific  conditions 
of  reference  pressure,  mean  velocity  and  angle  of  attack,  the 
pressure  at  the  tip  vortex  axis  decreases  below  the  vapour 
pressure  and  cavitation  occurs  along  the  vortex  path.  Thus, 
onset  of  cavitation  can  be  predicted  from  the  minimum 
pressure  coefficient  on  the  vortex  axis,  Cpniin.  function  of 
the  local  vortex  intensity  F,  hence  the  lift  coefficient  C;, 
and  the  viscous  core  size  a.  McCormick  [1]  hypothesized 
that  the  tip  vortex  core  radius  can  be  related  to  the  foil 
boundary  layer  thickness  and  thus  expressed  as  a  function 
of  the  Reynolds  number.  Re,  to  a  power  n.  Billet  and  Holl 
[2]  have  shown  that  the  minimum  pressure  coefficient  on 
the  axis  of  a  Rankine  type  vortex  will  be  given,  for  fully 
turbulent  boundary  layer  conditions  prevailing  on  the  foil 
surface,  by  : 

Cp^„=kcf  Re°  *  =  ai^a  (1) 

where  ^  is  a  constant,  function  of  the  foil  characteristics 
(planform,  cross  section).  If  cavitation  occurs  when  the 
local  pressure  on  the  vortex  axis  is  equal  to  the  vapour 
pressure,  the  critical  cavitation  number  for  inception,  cr,-,  or 
desinence,  o^,  should  be  equal  to  -Cp^in. 

Up  to  a  very  recent  past,  most  of  the  results  showed  that  the 
experimentally  predicted  Cpminfwith  sign  changed)  was 
generally  higher  than  the  critical  cavitation  number.  Some 
authors  (see  Arndt  and  Keller,  [3]  and  Green,  [4])  assumed 
that  either  extraneous  effects,  such  as  pressure  fluctuations 
due  to  turbulence,  or  water  quality  ("strong"  or  "weak" 
water)  were  responsible  of  the  above  mentioned 
disagreement.  Moreover,  the  tangential  velocity  profiles 
used  to  estimate  the  core  pressure  were  ill  selected  (situated 
too  far  downstream  from  the  position  were  the  minimum 
occurred),  measured  with  a  very  poor  spatial  definition  or 
without  taking  into  account  the  bias  measuring  effect  due  to 
the  vortex  wandering.  Under  these  circumstances,  the 
possibility  of  equating  the  critical  cavitation  number  to  the 
minimum  pressure  coefficient  computed  numerically  using  a 
Navler-Stokes  code  (in  the  event  the  said  code  incorporates 
the  proper  turbulence  model  for  intense  rotating  flows)  and 
of  validating  expression  (1),  essential  to  be  able  to 
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accurately  extrapolate  the  results  obtained  in  small 
cavitation  tunnels  to  prototype  operating  conditions,  was 
subject  to  criticism.  Moreover,  no  appropriate 
methodology  to  distinguish  the  contribution  of  pressure 
fluctuations,  measuring  bias  and  water  quality  was  offered. 

In  order  to  respond  to  these  interrogations,  a  detailed 
investigation  of  tip  vortex  roll-up  and  cavitation  inception 
(desinence)  has  been  conducted  in  a  variety  of  cavitation 
tunnels  with  the  sponsorship  of  the  Direction  des 
Recherches  et  de  la  Technologic  (DRET)  Ministry  of 
Defence,  France,  under  the  Action  Concert6e  Cavitation 
Program  [5].  The  foil  geometry  -  cross  section  and 
planform  the  flow  conditions  (Reynolds  number, 
background  turbulence  and  boundary  layer  transition 
promotion  ),  the  water  quality,  as  well  as  the  consequence 
of  drag-reducing  polymer  solution  ejection  from  the  tip  of 
the  foils  were  some  of  the  many  parameters  whose  impact 
was  to  be  determined.  The  procedure  developed  by  the 
participants  to  the  ACC  was  to  conduct  detailed 
measurements  of  axial  and  tangential  velocities  in  the  very 
near  region  (less  than  a  chord  downstream  the  tip), 
allowing  to  establish  the  evolution  of  the  local  intensity, 
the  local  core  radius  and  the  minimum  pressure  coefficient 
on  the  axis  of  the  tip  vortex.  In  the  majority  of  the  test 
conditions  the  minimum  of  the  pressure  coefficient  on  the 
vortex  axis  compares  very  favourably  to  the  critical 
cavitation  numbers. 

The  objective  of  this  paper  is  to  present  the  results  of  a 
research  conducted  to  investigate  the  effect  of  the  ejection 
of  solutions  of  a  drag  reducing  polymer  on  tip  vortex 
cavitation.  Earlier  investigations,  Aflalo  [6]  and  Fruman 
and  Aflalo  [7],  demonstrated  that  ejection  of  these 
solutions  at  very  low  flow  rates  at  the  tip  of  an  elliptical 
hydrofoil  was  an  effective  way  of  delaying  eavitation 
occurrence.  By  performing  some  limited  tangential 
velocity  measurements  at  a  single  station  far  from  the  foil 
tip,  Aflalo  [6]  was  able  to  show  that  the  main  effect  of  the 
polymer  ejection  was  to  increase  the  diameter  of  the  vortex 
(viscous)  core  and  thus  to  decrease  the  maximum  tangential 
velocity  without  modifying,  in  any  significant  way,  the  tip 
vortex  intensity  (circulation).  Thus,  the  pressure  at  the  axis 
is  increased  as  compared  with  the  no  ejection  situation. 
Equal  mass  ejection  rates  of  water  and  water  plus  glycerine 
solutions  were  shown  not  to  alter  the  tip  vortex  occurrence 
conditions.  The  cavitation  inhibition  was  thus  associated 
to  the  viscoelastic  properties  of  the  polymer  solutions.  It 
was  speculated  that  the  jet  coming  out  from  the  ejection 
orifice  swells  in  such  a  way  that  the  roll-up  of  the  potential 
flow  occurs  over  a  fictitious  rounded  tip.  The  promising 
results  shown  by  Aflalo  [6]  and  Fruman  and  Aflalo  [7]  with 
an  elliptical  foil  at  very  low  (=0.2  x  10®)  Reynolds  numbers 
have  been  confirmed  by  Chahine  et  al.  [8]  in  the  case  of 
polymer  ejected  through  appropriate  orifices  at  the  tip  of 
the  blades  of  a  29  cm  diameter  propeller.  With  a  polymer 
concentration  of  3000  ppm  and  a  flow  rate  of  about 
1.3  cm^/s  they  were  able  to  achieve  critical  cavitation 
number  reductions  of  about  35%.  In  this  presentation  we 
concentrate  on  results  obtained  with  a  foil  twice  as  large  as 
the  one  employed  by  Aflalo  [6]  and  at  larger  flow 
velocities,  thus  much  larger  Reynolds  numbers  [9].  Also, 
detailed  axial  and  tangential  velocities  and  velocity 
fluctuations  measurements  in  the  very  near  region  allow  to 
provide  more  information  on  basic  aspects  of  tip-vortex 


roll-up  and  turbulence  development  in  the  very  near  region 

[10]. 

2.  EXPERIMENTAL 

2.1  Experimental  facility 

Experiments  were  conducted  in  the  Ecole  Navale  Cavitation 
Tunnel  (ENCT)  with  a  3.8  area  ratio  elliptical  hydrofoil 
having  a  NACA  16020  cross  section  and  a  maximum  chord 
length  of  80  mm.  The  lift  coefficient  for  the  base  foil  in 
pure  water  with  and  without  the  ejection  port  have  been 
given  in  Fruman  et  al.  [9,  11].  The  wing  was  mounted 
horizontally  on  one  of  the  vertical  walls  of  the  test  section, 
as  described  by  Fruman  et  al.  [12].  Lift  and  drag  forces  were 
measured  using  a  three  component  strain  gauge  balance. 
Axial  and  tangential  velocities  were  measured  using  a  two 
component  Dantec  Laser  Doppler  Velocimetry  (LDV) 
system  operating  in  the  back-scattering  mode.  For  the 
optical  configuration  selected,  the  measuring  volume  is 
0.5  mm  long  and  0.04  mm  wide.  The  circulating  water  and 
the  ejected  fluid  were  seeded  with  Iriodine  in  order  to 
increase  the  data  rate. 

The  ejection  port  was  situated  just  at  the  foil  tip  and  has  a 
diameter  of  1  mm,  as  the  one  used  by  Aflalo  [6].  Ejection 
tests  were  conducted  with  aqueous  solutions  of 
Poly(ethylene)  oxide  POLYOX  WSR  301  (provided  by 
Union  Carbide),  a  very  effective  drag-reducing  polymer 
conferring  to  the  solvent  marked  viscoelastic  properties.  A 
master  solution  of  1000  ppm  was  fabricated  24  hours  prior 
to  the  tunnel  tests  in  order  to  assure  a  well  homogenized 
solution.  The  polymer  solution  contained  in  a  0.1  m^ 
reservoir  is  pressure  driven  through  a  rotameter  into  the 
ejection  port.  This  rotameter  was  calibrated  prior  the  tests 
by  measuring  the  volume  discharged  during  a  given  time. 
Ejection  rates  selected  for  the  tests  were  4.7  or  3.4cm^/s 
for  the  polymer  solutions  and  5.5  cm^/s  for  water. 

2.2  Experimental  procedures 

Tip  vortex  cavitation  inception  and  desinence  were 
obtained  from  direct  visual  observation  of  the  test  section. 
Improved  using  a  stroboscopic  light  source.  In  order  to 
guarantee  the  best  tests  conditions,  a  specific  procedure  was 
implemented.  For  a  given  free  stream  velocity  and  no 
ejection,  the  reference  pressure  was  decreased  until 
incipient  conditions  were  reached.  The  pressure  was  then 
further  reduced  in  order  to  develop  a  cavity  within  the  tip 
vortex.  Then,  the  desinent  condition  was  determined  by 
increasing  the  pressure.  At  this  point  the  polymer  ejection 
flow  rate  was  set  and  the  pressure  was  varied  down  and  up  as 
for  the  no  ejection  tests.  The  incidence  angle  was  then 
changed  and  the  whole  procedure  repeated.  Only  the  data 
obtained  for  a  given  set  of  no-ejection/ejection  tests  are 
compared. 

During  all  this  procedure,  the  hydrodynamic  forces  were 
checked  in  order  to  assess  any  change  due  to  the  increase  of 
the  polymer  concentration  in  the  circulating  water.  The 
final  homogeneous  polymer  concentration  built  up  in  the 
tunnel  at  the  end  of  the  ejection  tests  did  not  exceed  one 
ppm,  well  below  the  levels  (=10  ppm)  for  which  Fruman 
and  Aflalo  [7]  have  reported  significant  lift  changes  in 
homogeneous  polymer  solutions. 

For  LDV  measurements,  with  or  without  ejection,  the  centre 
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of  the  vortex  is  first  approached  by  making  the  point  of 
crossing  of  the  laser  beams  to  coincide  with  the  cavities 
convected  in  the  vortex  path  for  a  cavitation  number 
slightly  below  the  critical  one.  Then,  the  precise  location 
of  the  axis  is  determined  by  velocity  measurements  within  a 
short  distance  around  this  approached  position,  as 
described  in  Fruman  et  al.  [11].  The  velocity  profiles  are 
measured  along  a  direction,  y,  parallel  to  the  span,  positive 
outboard  and  passing  through  the  vortex  axis.  The 
downstream  distance,  x,  is  referred  to  the  tip  of  the  foil, 
taken  as  the  origin.  Measurements  were  conducted  for 
jc/Cmax'  where  Cn,ax  is  the  maximum  chord,  of  0.125,  0.25, 
0.5  and  1.0.  The  rough  signal  from  the  LDV  is  treated  by 
two  Burst  Spectrum  Analyser  (BSA)  from  Dantec  [13] 
giving  the  mean, 

of  each  velocity  component,  the  root  mean  square, 

r  1*^^ 

(3) 

N  . 

t  J 


and  the  skewness, 


Sk  = - 


of  the  velocity  fluctuations,  as  well  as  the  product  of  the 
axial  (index  a)  and  tangential  (index  f)  fluctuations, 


N  . 

t 


These  values  are  recorded  on  a  hard  disk  for  off-line 
treatment.  In  these  expressions  f/,-  is  an  instantaneous 
measurement  of  the  velocity  depending  both  on  the  time  an 
on  the  position  of  the  detected  particle  in  the  measuring 
volume  even  if,  in  the  treatment,  the  position  information 
is  ignored. 


The  relative  error  of  the  lift  coefficient  is  estimated  to  be 
less  than  ±2%,  taking  into  account  the  uncertainties 
associated  with  the  lift  force  measurement  and  the  free 
stream  velocity,  respectively  ±0.5%  and  ±0.75%.  The 
uncertainty  associated  with  the  cavitation  number  is  less 
than  the  standard  deviation,  ±2.5%,  of  experimental  data 
issued  from  repeated  tests  conducted  at  a  given  angle  of 
attack  and  free  stream  velocity.  The  LDV  measurements  are 
associated  with  a  random  uncertainty  estimated  to  be  less 
than  ±1.5%  which  is  issued  from  the  electronic  and 
numerical  treatment  of  the  Doppler  signal  giving  the 
instantaneous  velocity.  For  large  enough  samples,  it  can  be 
expected  that  the  error  on  the  mean  value  is  much  less  than 
1.5%.  The  mean  velocity  values  are  the  mean  of  about  2500 
readings  for  each  position.  The  ejection  rate  uncertainty  is 
about  ±3%. 


3.  RESULTS 


3.1  Critical  cavitation  numbers 


The  cavitation  number  is  defined  as. 


where  Py  and  p  are  respectively  the  vapour  pressure  and  the 
specific  mass  at  the  temperature  of  the  circulating  water, 
and  P^  and  V^,  the  reference  pressure  and  the  free  stream 
velocity  measured  at  the  entrance  of  the  test  section.  The 
inception  and  desinent  cavitation  numbers  without  polymer 
ejection  (rr,.  and  respectively)  are  plotted  in  Figure  1 
together  with  the  results  for  an  ejection  of  a  1000  ppm 
polymer  solution  and  respectively)  at  a  flow  rate  of 
4.7  cm^/s  as  a  function  of  the  angle  of  attack  for  two  free 
stream  velocities  corresponding  to  Reynolds  numbers  of 
0.62  X  10®  and  10®.  In  both  cases,  ejection  results  in  a 
decrease  of  over  20%  of  the  cavitation  numbers. 
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Fig.  1  :  Critical  cavitation  numbers  as  a  function  of  the 
angle  of  attack  for  (a).  Re  =  0.62  x  10®  and  (b).  Re  =  10®. 
(polymer  concentration  ;  1000  ppm,  ejection  rate  : 
4.7  cm^/s). 


Figure  2  shows  that  the  desinent  cavitation  numbers 
obtained  during  the  ejection  of  polymer  solutions  with 
concentrations  of  1000  and  500  ppm  and  an  ejection  rate 
of  4.7  cm^/s  are  within  the  experimental  errors.  A  30% 
reduction  of  the  ejection  flow  rate,  from  4.7  to  3.4  cm^/s, 
do  not  causes  either  a  significant  modification  of  the 
cavitation  conditions.  Figure  3. 


(6) 
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Fig.  2  :  Desinent  cavitation  number  as  a  function  of  the 
angle  of  attack  for  two  injected  polymer  concentrations; 
{Re  =  10®;  ejection  rate:  4.7  cm^/s). 


Fig.  3  :  Desinent  cavitation  number  as  a  function  of  the 
angle  of  attack  for  two  injection  rates  {Re  =  10®,  polymer 
concentration  :  1000  ppm). 


3.2  LDV  measurements 

Figure  4  shows  the  profiles  of  the  non  dimensional  axial, 
Fq/Ko,  and  tangential,  V^IV^,  velocity  components  at 
four  stations  within  one  chord  from  the  tip,  for  an  angle  of 
attack  of  10°,  a  free  stream  velocity  of  12.5  m/s 
(Re  =  10®)  and  three  conditions  :  no  ejection,  ejection  of  a 
1000  ppm  polymer  solution  at  a  rate  of  4.7  cm^/s  and 
ejection  of  water  at  5.5  cm^/s  (for  only  two  stations). 
Positive  values  of  ytc^^  correspond  to  the  outboard 
positions. 

The  tangential  velocities  display  in  all  cases  a  solid  body 
rotation  region,  where  velocities  increase  linearly  with 
distance  to  the  vortex  axis,  an  intermediate  transition 
region  and  a  potential  region,  where  velocities  are 
inversely  proportional  to  the  distance  to  the  vortex  axis. 
Only  minor  modifications  of  the  tangential  velocity 
profiles  occur  during  water  ejection.  However,  the  ejection 
of  the  polymer  solution  causes  a  significant  reduction  of 
the  maximum  velocity  and  an  appreciable  increase  of  the 
size  of  the  viscous  core,  while  the  potential  region  remains 
unchanged.  These  results  are  qualitatively  analogous  to 


those  obtained  by  Aflalo  [6]  in  his  early  investigation.  It 
should  be  pointed  out,  however,  that  the  present  results 
offer  a  much  detailed  spatial  resolution  and  a  unique  view  of 
the  effects  taking  place  in  the  very  near  region  downstream 
the  vortex. 

Without  mass  ejection  from  the  tip,  the  axial  velocities  are 
nearly  constant  everywhere.  Mass  ejection  of  water  or 
polymer  solution  causes  a  reduction  of  the  velocities  in  the 
viscous  core  region.  At  the  station  closest  to  the  tip,  the 
effects  of  the  polymer  solution  are  significantly  larger  than 
those  of  water.  When  the  distance  increases,  the  difference 
between  water  and  polymer  solution  ejection  fades  away, 
but  the  velocity  defect  persists. 

Figure  5  shows,  for  the  pure  water  and  the  polymer  solution 
ejection  situations  and  at  one  maximum  chord  downstream 
the  tip,  the  root  mean  square  (RMS)  and  skewness  (Sk)  of 
the  velocity  fluctuation  of  the  tangential  and  axial 
components. 

As  compared  to  the  pure  water  situation,  the  changes  due  to 
the  polymer  ejection  can  be  summarized  as  follows  : 

i)  the  maximum  tangential  velocity  fluctuation  is 
much  reduced, 

ii)  the  axial  velocity  fluctuation  is  increased  and 
develops  a  saddle  type  behaviour  in  the  core  region, 
the  minimum  coincides  with  the  centre  of  the 
vortex,  the  maximum  on  each  side  are  at  the  same 
position  that  the  extreme  of  the  tangential  velocity, 

iii)  the  skewness  of  the  tangential  velocity  component 
has  its  maximum  and  the  slope  in  the  core  region 
reduced  and  the  scatter  in  the  potential  region 
increased, 

iv)  the  skewness  of  the  axial  velocity  components 
becomes  more  organized  in  the  core  region  and  with 
limited  scatter  in  the  potential  region. 

The  cross  moment.  Figure  6,  develops  a  positive 
contribution  as  large  as  the  negative  one ;  the  latter  being 
smaller  than  in  pure  water.  More  details  about  the  RMS,  Sk 
and  cross  moment  distributions  are  given  below. 

RMS 

Whatever  the  station,  the  tangential  velocity  fluctuations 
in  pure  water  are  nearly  symmetrical  with  respect  to  the 
maximum,  centred  on  the  vortex  axis,  affected  by  a  very 
limited  scatter  and  show  practically  the  same  maximum.  For 
the  polymer  solution  ejection  and  the  station  closest  to  the 
tip,  the  scatter  is  significant  and  the  maximum,  smaller 
than  in  the  case  of  pure  water,  is  on  the  onboard  side  of  the 
vortex.  Moving  downstream,  the  maximum  decreases 
slightly  and  the  symmetry  is  recovered  at  distances  larger 
than  half  a  maximum  chord.  For  the  axial  velocity 
fluctuations  the  major  change  is  associated  with  the 
occurrence  of  a  saddle  type  behaviour  everywhere  but 
particularly  marked,  in  amplitude  and  extent,  at  the  first 
station. 
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Figure  5  :  Root  mean  square  and  skewness  of  the  velocity  fluctuation  at  one  maximum  chord  downstream  the  foil  tip  for  water 

and  polymer  solution  ejection. 


Skewness 

For  water  and  polymer  ejection,  distance  has  very  limited 
effect  on  skewness  of  the  tangential  velocity ;  the  slopes 
of  the  linear  region  remain  the  same  as  well  as  the 
maximum  and  minimum  amplitudes.  For  polymer  ejection, 
in  the  outboard  potential  region  the  scatter  is  extremely 
large  whatever  the  distance  to  the  foil  tip.  This  contrasts 
with  the  behaviour  in  pure  water  ;  nearly  free  of  scatter  in 
the  potential  region.  The  skewness  of  the  axial  velocity  in 
pure  water  shows  a  near  zero  level  in  the  potential  region 
for  all  the  stations.  In  the  core  region  and  for  the  closest 
station  to  the  tip,  negative  values  occur.  They  decay  very 
rapidly  downstream  and  level  off  at  one  chord  where  the 
zero  level  is  reached  everywhere.  With  the  polymer 
solution  ejection,  the  mean  level  in  the  potential  region  is 
nearly  constant  and  close  to  zero  without  any  significant 
scatter.  In  the  core  region,  the  very  distinct  shape 
developed  at  the  station  closest  to  the  tip  decays  when 
moving  downstream  but  remains  still  significant  at  one 
chord. 


Cross  moment 

The  cross  moment  in  pure  water  is  characterized,  for  x/cmax 
equal  to  or  larger  than  0.50,  by  a  single  negative  bucket 
centred  on  the  vortex  axis  surrounded  by  a  flat,  zero  value 
region,  corresponding  to  the  potential  part  of  the  flow  both 
on  and  outboard.  The  ejection  of  the  polymer  solution 
develops,  for  x/cmax  equal  to  or  larger  than  0.25,  a  peculiar 
pattern  mainly  associated,  as  it  will  be  seen  next,  to  the 
large  axial  velocity  deficit.  The  absolute  values  of  the 


maximum  and  minimum  are  comparable,  showing  the 
absence  of  a  non  symmetrical  contribution  due  to  the  "true" 
turbulence,  as  in  the  case  of  pure-water  flow. 


Fig.  6  :  Cross  moment  of  the  tangential  and  axial  velocity 
fluctuations  at  one  maximum  chord  downstream  the  foil  tip 
for  water  and  polymer  solution  ejection. 


4.  DISCUSSION  AND  INTERPRETATION 

4.1  Critical  cavitation  numbers 

Tests  performed  in  the  range  of  Reynolds  numbers 
encountered  at  the  ENCT  display  an  improvement  of  up  to 
30%  in  the  cavitation  numbers  as  the  polymer  solution  is 
ejected  in  the  vortex  core.  Thus,  for  given  reference 
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pressure  and  angle  of  attack,  the  free  stream  velocity  can  be 
increased  up  to  15%  with  the  polymer  ejection  without 
cavitation  inception.  Since  the  lift  coefficient  of  the  foil 
measured  during  the  ejection  tests  did  not  show  any 
distinguishable  difference  as  compared  to  pure  water,  the 
reduction  of  the  critical  cavitation  numbers  can  not  be 
ascribed  to  a  reduction  of  the  foil  bound  circulation  in  the 
mid-plane.  Cavitation  tests  conducted  with  water  ejection  at 
a  flow  rate  of  5.5  cm^/s  did  not  display  changes  of  the 
critical  cavitation  numbers.  Moreover,  Fruman  ([14],  [7]) 
and  Chahine  et  al.  [8]  showed  that  a  water-glycerine 
solution  with  a  viscosity  larger  than  the  one  associated 
with  the  polymer  solution  used  during  these  measurements, 
does  not  lead  to  a  modification  in  the  measured  critical 
cavitation  numbers.  Hence,  the  observed  delay  is  neither 
the  result  of  mass  addition  in  the  vortex  core  nor  caused  by 
improved  diffusion  due  to  increased  viscosity.  Only  the 
polymer  viscoelastic  properties  can  be  made  responsible  of 
the  observed  effects. 


Furthermore,  for  the  experimental  conditions  tested,  no 
significant  effect  of  the  ejection  rate  was  noticed.  This  can 
be  associated  to  the  saturation  effect  shown  by  Fruman  and 
Aflalo  [7]  to  exists  in  their  tests  for  a  1000  ppm  polymer 
solution  at  ejection  rates  larger  than  0.7  cm^/s  and  a 
Reynolds  number  of  0.2x10®.  Since  the  ejection  rate 
scales  with  the  Reynolds  number,  for  the  present  tests  at  a 
Reynolds  numbers  of  about  10®  the  lower  limit  for 
saturation  will  be  3.5  cm^/s,  value  corresponding  to  the 
minimum  selected  for  performing  the  experiments.  The 
physical  explanation  for  this  saturation  effect  can  be  traced 
to  the  existence  of  a  maximum  possible  jet  swelling,  as 
shown  by  Fruman  et  al.  [15]  in  the  case  of  jets  ejected  in 
stagnant  fluids,  and  to  the  fact  that,  for  axisymmetric  jets, 
swelling  increases  only  as  the  1/3  power  of  the  ejection 
velocity  (Ouibrahim  et  al.  [16]). 

For  an  axisymmetric  vortex,  the  radial  equilibrium  equation 
is  given  by. 
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where  and  ctqq  are  the  normal  stresses  along  the  radial 
and  tangential  directions.  If  we  assume  that  cr„  =  0  for  a 
point  situated  at  a  large  distance  to  the  vortex  axis,  then, 
the  integration  between  infinite  and  the  axis  gives, 

(P-(J„)o  =P„-  (8) 

0  0 

The  pressure  at  the  axis  of  the  vortex  can  be  modified  either 
by  the  modification  of  the  tangential  velocity  profile  or  the 
introduction  of  normal  stresses  associated  with  the 
viscoelastic  behaviour  of  the  ejected  polymer  solution. 

For  a  Newtonian  fluid,  the  contribution  of  the  second 
normal  stress  difference,  o^-Oqq,  is  zero  and  the  pressure 
coefficient  at  the  vortex  axis,  Cp,  can  be  determined  from 
the  tangential  velocity  profiles. 


Cp  =  l 
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In  Figure  7,  the  pressure  coefficients  (with  sign  changed) 


computed  using  expression  (9)  are  plotted  as  a  function  of 
the  downstream  distance  for  the  no  ejection  and  polymer 
ejection  cases.  The  corresponding  desinent  cavitation 
numbers  with  and  without  polymer  ejection  are  also 
indicated. 


Fig.  7  :  Computed  pressure  coefficient  as  a  function  of  the 
downstream  distance  (a=  10®,  Re  =  10®). 


The  no  ejection  data  clearly  indicate  that  a  minimum  could 
exist  in  between  the  0.125  and  0.25  stations  as 
clearly  demonstrated  by  previous  investigations  (Fruman  et 
al.  ([11],  [12])).  The  minimum  pressure  coefficient  will  be 
thus  larger  than  the  value  corresponding  to  0.25 
estimated  to  be  -1.71.  This  value  is  higher  than  the 
desinent  cavitation  number  (with  sign  changed),  -1.93,  but 
reasonable  close  as  the  tentative  curve  fitting  shows. 

With  polymer  ejection  a  tentative  extrapolation  of  the 
pressure  coefficient  data  indicates  that  the  minimum  occurs 
probably  nearer  the  tip  that  in  the  case  of  no  ejection.  At 
the  tip,  the  extrapolated  value  can  be  estimated  to  be  about 
-1.3,  larger  but  reasonably  close  to  the  desinent  cavitation 
number  with  sign  changed,  -1.49. 

To  our  knowledge,  only  the  swelling  of  the  jet  issuing  from 
the  ejection  port  has  been  made  responsible  of  the  increase 
of  the  pressure  coefficient  and  the  decrease  of  the  critical 
cavitation  numbers.  Fruman  and  Aflalo  [7]  stated  that  "the 
polymer  solution  ejected  at  the  tip  of  the  wing  swells  when 
exiting  the  capillary  tube  and  modifies  the  roll-up  process 
by  creating  a  displacement  effect",  readily  seen  in  Figure  4 
to  be  of  about  0.35  mm  at  the  station  nearest  the  tip.  If  it 
is  assumed  that  this  increase  corresponds  to  the  swelling  of 
the  jet  issuing  from  the  ejection  port,  the  relative  swelling 
(ratio  of  the  swollen  jet  diameter  to  the  port  diameter)  will 
be  of  1.7.  Fruman  and  Galivel  [17]  have  investigated  the 
behaviour  of  wall  polymer  jets  ejected  from  two 
dimensional  slits  into  a  coflowing  stream  and  shown  that 
the  relative  swelling  was  about  2  for  a  free  stream  velocity 
of  nearly  8  m/s,  an  ejection  velocity  over  slit  thickness  of 
4200  s“'  and  a  polymer  concentration  of  2000  ppm. 
Because  in  the  present  situation  the  free  stream  velocity  is 
larger  (12.5  m/s),  the  concentration  smaller  (1000  ppm) 
and  the  ejection  velocity  to  port  diameter  ratio  slightly 
larger  (-6000  s“*),  the  value  estimated  above  seems  to  be 
reasonable.  Moreover,  an  explanation  based  on  the 


31-8 


modification  of  the  core  dimension  is  consistent  with  the 
fact  that  the  growth  of  the  jet  persists  over  long  distances 
as  a  result  of  the  known  coherence  of  polymer  jets  and 
decreased  diffusion  of  polymer  solutions. 

4.2  LDY  measurements 


All  LDV  velocity  and  velocity  fluctuations  measurements 
are  directly  affected  by  the  slope  and  curvature  of  the  ideal 
instantaneous  velocity  profile.  The  reason  lies  in  the  fact 
that  over  the  finite  dimension  of  the  measuring  volume, 
particles  will  have  different  velocities  depending  on  their 
position.  As  a  result,  the  histograms  of  velocities  will 
extend  between  the  minimum  and  the  maximum  of  the 
portion  of  the  instantaneous  velocity  profile  included  in 
the  measuring  volume  with  a  probability  favouring  the 
faster  particles.  To  this  purely  mechanical  histogram, 
giving  the  impression  of  apparent  velocity  fluctuations,  a 
turbulence  effect  will  be  additioned.  If  the  ideal 
instantaneous  velocity  profile  is  subjected  to  motions  in 
space,  vortex  wandering  in  the  present  case,  the  measuring 
volume  will  be,  in  appearance,  extended  to  incorporate  the 
vortex  wandering  amplitude.  This  amplitude  plus  the 
measuring  volume  length  is  the  spatial  bias  which  has  to  be 
accounted  for  if  the  velocities  and  velocity  fluctuations  are 
to  be  interpreted.  To  do  this,  authors  have  proposed 
different  approaches  for  example  Devenport  et  al.  [18]  for 
their  hot  wire  velocity  measurements  in  tip  vortices  have 
assumed  a  probability  distribution  within  the  spatial  bias. 
Fruman  et  al.  [19]  and  Fruman  and  Billard  [10]  have 
developed  a  simple  approach  consisting  of  computing  the 
statistical  first  and  higher  moments  of  a  velocity  profile 
making  use  of  equations  (2)  to  (5),  assuming  that  the 
velocity  is  an  ergodic  function  and  substituting  thus  a  time 
dependent  integration  by  a  spatial  Integration.  This 
assumption  implies  that  all  particles  have  the  same 

probability  (independent  of  their  velocities)  to  be  within 
the  spatial  bias.  A  more  sophisticated  approach,  consisting 
on  building  a  full  histogram  by  summing  individual 

weighted  Gaussian  distributions,  one  for  each  local 

velocity  comprised  within  the  spatial  bias,  has  been 

recently  proposed  (Le  Guen  [20]).  The  weight  of  the 
Gaussian  distribution  accounts  for  the  fact  that  particles 
having  large  velocities  have  a  larger  probability  to  cross 
the  measuring  volume  than  slowly  moving  particles.  An 
example  of  the  first  approach  is  given  below. 


The  measured  tangential  velocity  profile  at  x/c^^  =  1 
during  polymer  ejection  has  been  fitted  using  the  following 
expression, 
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with  7]  is  the  intensity  of  a  vortex  centred  on  the  axis,  a,- 
is  the  radius  of  a  vortex  core  and  yg  the  abscissa  of  the 
vortex  axis.  The  adjustment  was  conducted  by  selecting  the 
/]■  and  a,  in  order  to  minimize  the  root  mean  square  of  the 
differences  between  measured  and  adjusted  values.  Three 
vortices  were  sufficient  to  achieve  a  very  good  fit.  Then, 
the  different  moments,  over  a  sliding  window  of  length  5, 
were  computed  using  expressions  (2)  to  (5)  and  twenty 
discrete  values  of  the  fitted  velocity  profile.  The  values  of 
the  skewness  increase  in  a  non  physical  way  in  the  region 


far  from  the  vortex  core  if  they  are  normalized  with  the  third 
power  of  the  computed  RMS,  whose  values  are  very  small  in 
this  region.  To  avoid  this  situation,  a  background  uniform 
fluctuation,  equal  to  0.007  of  the  upstream  velocity,  was 
added  to  all  computed  values  of  the  apparent  RMS.  Figure  8 
shows  the  experimental  and  adjusted  velocity  profiles,  the 
RMS  and  the  skewness  for  a  span  S  =  3.8  mm.  This  value 
has  to  be  compared  to  the  core  radius,  of  about  1.75  mm, 
and  the  length  of  the  measuring  volume,  of  about  0.5  mm. 
The  maximum  of  the  apparent  velocity  fluctuation  and  the 
minimum  of  the  skewness  are  respectively  0.33  and  -1.83. 
The  experimental  values  are  0.3  and  -1.85,  in  very  good 
agreement  with  the  estimated  ones. 


Figure  8  :  Adjusted  tangential  velocity  profile  at 
x/Cmax=l>  apparent  velocity  fluctuation  (RMS)  and 
skewness  (Sk)  distributions  due  to  an  assumed  excursion  of 
the  spatial  bias  of  length  equal  to  3.8  mm.  Free  stream 
velocity  12.5  m/s,  polymer  solution  ejection  flow  rate 
4.7  cm^/s. 


An  analogous  procedure  was  followed  for  the  axial  velocity 
profile,  who  was  fitted  using 

-^  =  l-AV,exp[-A:(y-yo)^]  (H) 

r  oo 

where  is  the  velocity  deficit  on  the  vortex  axis  and  k  is 
an  adjustment  constant.  Figure  9  shows  that  the  adjusted 
velocity  profiles  fits  pretty  well  the  experimental  one.  The 
RMS  and  the  skewness  were  computed  as  above  for  the  same 
span  5  and  plotted  in  Figure  9.  The  extreme  values  of  the 
RMS  and  the  skewness  are  0.074  and  -1.32  respectively. 
These  values  are  to  be  compared  to  the  experimental  ones  of 
0.1  and  -1.3  (Figure  5). 

Finally,  the  cross  moment.  Figure  10,  indicates  an 
estimated  maximum  of  1.74,  larger  than  the  experimental 
value  of  1.5,  but  still  reasonable  taking  into  account  the 
numerous  approximations  made.  Table  1  offers  a  summary 
of  these  comparisons. 

It  seems  therefore  plausible  to  conclude  that  the  ejection  of 
a  semi-dilute  polymer  solution  into  the  core  of  a  tip  vortex 
results  in  the  near  complete  suppression  of  the  contribution 
of  turbulence  to  the  velocity  fluctuations.  Most,  if  not  all, 
of  the  velocity  fluctuations  are  associated  to  the  spatial 
bias  due  to  the  finite  length  of  the  measuring  volume  of  the 
LDV  and  the  excursion  of  the  tip  vortex  (wandering).  In  the 
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case  of  pure  water  flow  without  polymer  ejection,  both 
vortex  wandering  and  turbulence  contributes  to  the  velocity 
fluctuation ;  the  first  contribution  being  much  larger  than 
the  second  one. 


Figure  9  :  Adjusted  axial  velocity  profile  at  x! 
apparent  velocity  fluctuation  (RMS)  and  skewness  (Sk) 
distributions  due  to  an  assumed  excursion  of  the  spatial  bias 
of  length  equal  to  3.8  mm.  Free  stream  velocity  12.5  m/s, 
polymer  solution  ejection  flow  rate  4.7  cm^/s. 


Figure  10  :  Cross  moment  distribution  for  the  adjusted 
velocity  profiles  of  Figure  8  and  9  due  to  an  assumed 
excursion  of  the  spatial  bias  of  length  equal  to  3.8  mm. 
Free  stream  velocity  12.5  m/s,  polymer  solution  ejection 
flow  rate  4.7  cm^/s. 


Table  1  ;  Comparison  of  experimental  and  predicted  key 
values  of  the  velocity  fluctuation  characteristics  with 
polymer  injection.  _ _ 


Experimental 

Predicted 

Axial 

velocity 

max.  RMS 

0.1 

0.074 

min.  Sk 

-1.3 

-1.32 

Tangential 

velocity 

max.  RMS 

0.3 

0.33 

min.  Sk 

-1.85 

-1.83 

Maximum  cross  moment 

1.5 

1.74 

Finally,  it  is  interesting  to  note  that  the  cross  moment  for 
pure  water  is  consistently  negative  and  that  this  behaviour 
can  only  be  associated  to  the  true  turbulence.  However,  the 
physical  significance  of  this  behaviour  is  not  as  yet  well 
understood.  Another  question  still  unanswered  is  related  to 
the  very  large  scatter  of  the  skewness  of  the  tangential 
velocity  fluctuations  in  the  potential  region  for  polymer 
solution  ejection. 


5.  CONCLUSIONS 

An  investigation  on  the  modification,  as  a  result  of  a 
localized  semi-dilute  drag-reducing  polymer  ejection  at  the 
tip  of  an  elliptical  wing,  of  the  critical  cavitation  numbers 
and  of  the  axial  and  tangential  velocities  and  velocity 
fluctuations  of  the  tip  vortex  was  conducted.  As  established 
in  a  previous  investigation  at  much  smaller  Reynolds 
numbers,  the  present  results  show  that  tip  vortex  cavitation 
inception  and  desinence  can  be  reduced  by  as  much  as  30% 
provided  the  polymer  ejection  rate  is  scaled  with  the 
Reynolds  number. 

Earlier  results  concerning  the  increase,  during  polymer 
ejection,  of  the  radius  of  the  core  region  of  the  tangential 
velocity  profiles  situated  several  chords  downstream  the  tip 
have  been  confirmed  and  extended  to  the  very  near  region, 
within  one  chord  from  the  tip.  The  axial  velocity  profiles 
show  the  occurrence  of  a  wake  effect  (velocity  deficit)  in  the 
core  region  for  both  water  and  polymer  solution  ejection. 
However,  the  effect  is  larger  in  the  latter  case. 

Based  on  the  cavitation  and  velocity  results,  it  appears  that 
jet  swelling,  caused  by  the  relaxation  of  normal  stresses 
associated  with  the  viscoelastic  properties  of  the  polymer 
solutions,  is  responsible  of  the  thickening  of  the  viscous 
core  which  in  turn  is  probably  the  unique  cause  of  the  tip 
vortex  cavitation  inhibition. 

A  simple  analysis  showed  that  the  velocity  fluctuations,  in 
the  case  of  polymer  solution  ejection,  are  essentially  due  to 
the  spatial  bias  associated  to  the  finite  size  of  the 
measuring  volume  and  the  vortex  wandering,  and  have 
little,  if  not  nothing,  to  do  with  an  increase  of  the 
background  turbulence  in  the  core  region.  In  the  case  of 
pure  water,  it  appears  that  some  limited  "true"  turbulent 
velocity  fluctuations  exists  in  the  core  region  besides  the 
apparent  large  contribution  due  to  the  spatial  bias. 
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SUMMARY 

Characteristic  features  are  presented  for  high- 
frequency,  high-amplitude  self-oscillations  in  a 
hydraulic  system  with  a  local  hydraulic  resistance 
of  a  venturi  nozzle  type  whose  physical  nature  is 
due  to  a  periodically  -  stalled  cavitation  (growth, 
break-off,  carry-over  and  collapse  of  a  cavity  dif¬ 
fuser-like  part).  Analytical  expressions  are  given  to 
determine  the  frequencies  and  amplitudes  of  pres¬ 
sure  oscillations  occuring  in  the  hydraulic  system 
with  a  local  hydraulic  resistance  under  realization 
of  the  periodically-  stalled  cavitation  regime.  The 
possibility  to  utilize  cavitation  self-  oscillations  for 
various  technological  processes  intensification  is 
shown. 

List  of  Symbols 

Pi  -  total  pressure  at  the  nozzle  inlet; 

Pi  -  nozzle  inlet  pressure  under  steady-state  condi¬ 
tions; 

P2-  nozzle  outlet  pressure  under  steady-state  con¬ 
ditions; 

m  -  mass  flow  rate  of  liquid  under  steady-state 
conditions; 

P  -  venturi  -nozzle  diffuser  flare  angle; 
p  -  liquid  density; 

S/t^-  modified  Strouhal  number; 
r^j.-  radius  of  the  venturi  -  nozzle  restricted  sec¬ 
tion; 

p  -  venturi  -  nozzle  flow  coefficient; 
hav  ~  cavitation  cavity  length; 

X  -  cavitation  criterion  parameter  for  the  steady- 
state  conditions,  roughly  equal  to  the  pressure  ratio 

(x«  P2  /PO’ 

Per  -  nozzle  restricted  section  pressure; 

/  -  cavitation  self  -  oscillation  frequency; 

J^  -  inertial  resistance  coefficient  of  the  venturi  - 
nozzle  diffuser; 

-  cavitation  cavity  volume; 
c  -  sound  velocity  in  a  liquid; 


Ver  -  liquid  jet  velocity  across  the  venturi  -  nozzle 
restricted  section; 

-  sectional  area  of  the  exit  pipeline; 

AP2  -  peak-to-peak  amplitude  of  pressure  oscilla¬ 
tions; 

j<^2l  ■  amplitude  of  pressure  oscillation; 

-  amplitude  of  cavitation  formation  volume 

oscillations; 
m  -  cyclic  frequency. 

Bar  over  parameters  denotes  steady-state  condi¬ 
tions. 

For  a  number  of  years  the  investigations  on  self¬ 
oscillation  regimes  in  hydraulic  systems  with  cavi- 
tating  local  hydraulic  resistances  have  been  con¬ 
ducted  at  the  Institute  of  Technical  Mechanics  of 
NAS  of  Ukraine  [1-6]. 

In  studying  the  cavitation  phenomena  in  local  hy¬ 
draulic  resistances  liquid  flow  regimes  have  been 
revealed  under  which  in  the  channel  of  the  local 
hydraulic  resistance  of  the  venturi  -  nozzle  type 
large  cavitation  formations  periodical  nucleation 
and  their  growth  to  certain  sizes  take  place.  On 
reaching  the  maximum  sizes  in  accordance  with  the 
given  flow  regime  the  cavitation  formation  break- 
off  occurs  that  is  followed  by  its  further  carry-over 
and  collapse  as  a  whole  in  a  pressure  zone  that 
involves  a  pressure  pulse  in  the  flow.  A  flow  regime 
of  this  kind  has  been  called  by  us  a  “periodically 
stalled”  cavitation  regime  [1,2]. 

The  distinguishing  feature  of  such  a  regime  is  that 
the  large  cavitation  formations  collapse  does  not 
take  place  on  the  channel  wall,  but  in  the  liquid 
flow,  and  the  process  of  cavity  nucleation,  break- 
off,  carry-over  and  collapse  is  strictly  periodical. 
Fig.  I  shows  the  cinematographic  records  of  the 
process  of  the  large  cavitation  formations  nuclea¬ 
tion,  growth  to  certain  sizes,  break-off,  carry-over 
and  collapse  that  occurs  in  the  flow  passage  of  the 
local  hydraulic  resistance  of  the  venturi  -  nozze  type 
at  various  cavitation  parameter  values  [3,5]. 

Fig.  2,  e.g.,  presents  the  oscillogram  of  pressure 
self-  oscillations  in  the  liquid  flow  past  this  resis¬ 
tance  due  to  cavitation  formations  collapse.  The 
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T=0,15  T  =  0,2  r  =  0.3 
Fig.  1  Cinematographic  records  of  the  inception, 
growth  to  some  sizes,  break-off,  carry-over 
and  collapse  of  large  cavitation  formations 
that  originate  in  flow  passage  of  local 
hydraulic  resistance  of  venturi-nozzle  type 
under  constant  pressure  at  the  inlet  and 
different  values  of  the  cavitation  parameter  t. 


Fig.  2  Oscillogram  of  pressure  in  liquid  flow  past 
local  hydraulic  resistance  of  a  venturi-nozzle 
type  that  is  due  to  the  collapse  of  large  cavi¬ 
tation  formation,  where:  Pi  -  is  the  pressure 
at  the  hydraulic  resistance  inlet;  -  is  the 
pressure  in  restricted  section  of  the  hydraulic 
resistance,  P2',  p^-  is  the  pressure  at  the 
hydroresistance  outlet. 

oscillation  frequency  is  determined  both  by  the 
channel  geometry  [4]  and  flow  parameters  and  may 
be  assigned  in  a  range  of  100  -  2000  Hz. 

As  an  example,  in  Fig.3  the  oscillation  frequency 
versus  the  pressure  ratio  P2  /  Pi  in  the  hydraulic 
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Fig.  3  Frequency  dependencies  of  the  pressure  ra¬ 
tios  P2  /  Pi  in  the  hydraulic  system  with 
the  venturi-nozzle  at  various  pressures  Pi 
at  the  nozzle  inlet:  O  -  pi  =  1,0  MPa;  A  - 
Pi  =  2,0  MPa;  □  -  =  3,0  MPa;  0  - 

Pi  =4,0  MPa;  V  -  =5,0  MPa. 

system  with  the  venturi  -  nozzle  at  various  nozzle 
inlet  pressures  Pi  is  shown.  It  follows  from  this 
figure  that  at  a  constant  nozzle  inlet  pressure  prac¬ 
tically  linear  frequency  dependences  on  the  pressure 
ratio  P2  /  Pi  are  obtained,  in  this  case  the  fre¬ 
quency  increases  with  the  increase  of  the  P2  /  Pi 
value.  Besides,  at  a  constand  value  of  p2  /  Pi  the 
oscillation  frequency  increases  with  the  increase  of 
the  nozzle  inlet  pressure.  The  peak-to-peak  ampli¬ 
tude  dependences  on  the  pressure  ratio  P2  /  Pi  at 
a  constant  venturi  -  nozzle  inlet  pressure  Pi  are 
nonlinear  and  have  the  maximum  at  P2  /  Pi  «0,3. 
At  constant  values  of  P2  /  with  the  increase  in 
the  venturi  -  nozzle  inlet  pressure  Pi  the  peak-to- 
peak  amplitude  of  oscillations  increases  too  (see 
fig-4). 

Formula  is  obtained  for  determining  the  frequency 
of  high-frequency  cavitation  self-oscillations  on 
geometrical  and  regime  parameters  of  the  local 
hydraulic  resistance  of  the  venturi-nozzle  type  [6]. 
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Fig.  4  Peak-to-peak  amplitude  dependencies  of 
pressure  ratios  P2  /  Pi  in  the  hydraulic  sys¬ 
tem  with  the  venturi-nozzle  at  various  nozzle 
inlet  pressures  where:  O  -  =1,0  MPa; 

A  -  =  2,0  MPa;  □  -  =  3,0  MPa;  0  - 

Pi  =4,0  MPa;  V  -  =5,0  MPa. 


This  formula  with  due  regard  for  an  experimentally 
obtained  Strouhal  number  dependence  on  the  cavi¬ 
tation  parameter  provides  a  satisfactory  agreement 
of  predicted  and  experimentally  obtained  frequency 
dependences  in  a  Venturi-nozzle  diffuser  angles 
range  from  16  to  120°. 

The  formula  for  estimating  the  peak  amplitudes  of 
high-frequency  cavitation  self-oscillatins  in  the 
local  hydraulic  resistance  is  obtained  in  the  form  : 


1  + 


{2KfvUlFl 


^cav 

X— ^  (2) 

r 

‘‘cav 

This  formula  gives  an  acceptable  agreement  be¬ 
tween  predicted  and  experimentally  measured  am¬ 
plitudes  of  pressure  oscillations  at  the  outlet  of  the 
venturi-nozzle  type  local  hydroresistance  in  a  dif¬ 
fuser  angles  range  of  16-30°. 

The  peak-to-peak  amplitude  of  oscillations  at  the 
prescribed  geometrical  values  of  the  venturi-nozzle 
channel  is  determined  on  flow  parameters  but  its 
maximum  value  (if  common  water  is  used  as  a 
working  fluid)  exceeds  the  steady-state  pressure 


value  at  the  channel  inlet  by  factor  1, 5-5,0.  Peak 
pressure  values  at  the  local  hydraulic  resistance  exit 
at  oscillations  of  an  impact  character  maintain  their 
values  downstream  at  up  to  several  meters  distance 
practically  without  damping.  Upstream  of  a  special 
geometry  channel  the  oscillations  do  not  propagate. 
It  allows  oscillations  of  certain  frequency  and  am¬ 
plitude  to  be  superimposed  on  the  liquid  flow  or  to 
transform  a  steady  liquid  flow  into  a  pulsating  one. 
This  has  resulted  in  developing  a  cavitation  genera¬ 
tor  of  high-frequency,  high-amplitude  liquid  pres¬ 
sure  oscillations  without  rotating  and  moving  parts. 
The  cavitation  generator  permitting  to  transform  a 
steady-state  liquid  flow  into  a  pulsating  one  has 
been  used  in  developing  a  device  for  hydraulic  hot 
fire-scale  cleaning  with  pulsating  water  jets.  A 
schematic  of  the  scale  cleaning  device  collector  is 
shown  in  Fig.5.  Pulsating  jets  application  has  al¬ 
lowed  to  decrease  metal  spoilage  caused  by  fire- 
scale  pressing-in  by  factor  2-5. 


Fig.  5  Schematic  of  the  collector  of  the  hydraulic 
fire-scale  cleaning  device  using  pulsating  jets; 
1  -  cavitation  generator;  2  -  collector;  3  - 
nozzles;  4  -  filter. 

The  “periodically-stalled”  cavitation  regime  has 
been  utilized  in  developing  a  drilling  hydrovibrator 
to  superimpose  axial  vibrational  accelerations  on 
the  rock  cutting  tool  (  diamond  crowns,  hard-alloy 
rock  rollers)  in  the  rotary  drilling  of  76  mm- 
diameter  boreholes  in  medium-hard  and  hard  rocks 
of  IV-XII  drillability  category  accompanied  by  face 
cleaning  with  flushing  fluid.  A  schematic  of  the 
drilling  tool  with  the  drilling  hydrovibrator  is  pre¬ 
sented  in  Fig.6. 


Fig.  6  Schematic  of  the  drilling  tool  with  drilling 
hydrovibrator:  1  -  drill  pipe  string;  2,  4  -  re¬ 
ducers;  3  -  hydrovibrator;  5  -  core  barrel;  6  - 
diamond  crown. 

In  this  case  vibrational  accelerations  have  been 
obtained  on  the  rock  cutting  tool  with  the  ampli¬ 
tude  not  less  than  2000  m/s^  in  a  frequency  range 
from  300  to  2000  Hz  at  the  expense  of  flushing  fluid 
energy.  The  hydrovibrator  application  enables  ; 
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-  to  increase  a  drilling  rate  in  medium-hard  and 
hard  rocks  by  factor  1, 5-5,0  as  compared  to  a  ro¬ 
tary  drilling  with  diamond  and  hard-alloy  tools; 

-  increase  more  than  twice  rock  cutting  tool  dura¬ 
bility; 

-  increase  core  output  percent  in  fractured  rock; 

-  decrease  drilling  power  consumption. 

The  absence  of  moving  parts  is  responsible  for  the 
hydrovibrator's  high  reliability  and  ease  of  opera¬ 
tion. 

At  our  Institute  a  hydrodynamic  cavitation  plant 
for  dispersing  the  pastes  of  aqueous  dispersion 
paints  has  been  developed  ,  manufactured  and  suc¬ 
cessfully  tested  whose  schematic  repr^entation  is 
shown  in  Fig.7.  As  compared  to  existing  similar 
purpose  devices  the  stated  plant  is  noted  for: 

-  low  specific  current  consumption; 

-  simple  design; 

-  servicing  ease; 

-  small  mass  and  overall  dimensions; 

-  insignificant  operating  costs; 

-  applicability  to  existing  production  lines  for  dis¬ 
persing  suspensions. 

Technical  Data: 

-  output,  max,  kg/h  -  15000; 

-  specific  current  consumption,  kW/kg  -  2x10-3; 

-  overall  dimensions,  m  -  3,7x2,6x2,2; 

-  mass,  kg,  max  3000 


Fig.  7  Schematic  of  the  hydrodynamic  cavitation 
plant  for  dispersing  the  pastes  of  aqueous  - 
dispersion  paints:  VNl  -  VN8  -  valves;  L  - 
trap;  P  -  pump;  CC  -  6control  cabinet;  MNl 
-  MN3  -  manometers;  MSI  -  MS3  -  membrane 
separator;  PD  -  powder  dispenser;  F  -  filter;  D  - 
damper. 

It  should  be  noted  that  novel  original  designs  util¬ 
ized  by  us  in  the  developed  plant  are  fit  for  head- 
and  mass  interchange  processes  intensification, 
production  of  finely  dispersed  emulsions  and  sus¬ 
pensions  and  may  be  used  as  well  in  food-stuff 
production  practice,  in  chemical,  wood-pulp  and 
paper  industries,  for  preparing  drilling  fluids,  in¬ 
creasing  the  convective  heat  exchange  in  a  shell- 
and-tube  heat  exchanger,  washing  the  process  pipe¬ 
lines  etc. 


A  hydrodynamic  device  for  increasing  the  efficiency 
of  water  well  development  and  recovering  has  been 
created.  The  device  is  designed  on  the  original  prin¬ 
cipal  of  liquid  pressure  pulses  action  on  water¬ 
bearing  horizon. 

Technical  Data: 

-  diameter  of  the  mechanically  treated  well,  inch  -  4 
and  more; 

-  pulse  frequency,  Hz,  within  the  range  -  100  - 

2000. 

Time  of  well  mechanical  treatment,  h: 

-  using  an  independent  pump  -  4  -8; 

-  using  an  immersion  pump  -  200. 

Increase  of  specific  yield,  percents  -50-1 20. 

The  device  may  be  employed  for  wells  of  any  depth 
in  any  hydrogeological  conditions  with  and  without 
a  filter.  We  consider  this  device  to  be  applicable  for 
raising  the  oil  and  gas  pools  yield  too. 

Thus,  our  investigations  show  that  cavitation  re¬ 
gimes  of  liquid  flows  in  local  hydroresistances  may 
be  used  for  practical  purposes  to  intensify  diverse 
technological  processes. 
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1.  SUMMARY 

Some  methods  of  control  of  fully  developed  cav¬ 
ity  parameters  by  varying  geometrical  characteris¬ 
tics  of  a  cavitating  body  are  considered.  Results  of 
experimental  investigations  of  cavitators  with  vari¬ 
able  frontal  drag  and  constant  edge  of  free  stream¬ 
line  separation  and  also  some  types  of  nonsymmet- 
rical  cavitators  are  presented.  The  possibility  and 
a  number  of  features  of  the  fully  developed  cav¬ 
ity  control  independently  on  the  cavitation  number 
and  cavitation  regime  (vapor  or  gas)  are  shown. 

2.  INTRODUCTION 

First  of  all,  the  possibility  of  supercavity  control  is 
of  interest  from  point  of  view  of  the  optimal  flow 
regime  maintenance  for  unsteady  conditions:  at 
changes  of  mainstream  velocity  or  depth,  abrupt 
difference  of  the  external  pressure  value  etc.  For 
ventilated  supercavities,  at  relatively  moderate  mo¬ 
tion  velocities  the  main  cavity  characteristics  (the 
cavitation  number,  cross  dimensions  and  length  of 
a  cavity)  depend  on  the  rate  of  gas,  which  is  being 
blown  to  a  cavity.  Therefore,  for  such  cavities  the 
supply  rate  regulation  may  be  considered  as  one  of 
possible  methods  of  the  cavity  control.  The  physi¬ 
cal  side  of  the  processes  in  ventilated  supercavities 
and  quantitative  dependences  for  basis  parameters 
of  such  flows  have  been  studied  enough  in  detail  [1, 
2,  3]  for  conditions  of  steady  flow  regimes. 

At  the  same  time,  performed  experiments  have 
shown  that  the  supply  value  regulation  as  a  method 
of  the  cavity  control  has  very  low  speed  even  in 
the  simplest  case  of  a  cavity  past  a  disk  cavita- 
tor  [4].  Some  characteristic  results  of  these  exper¬ 
iments  are  presented  in  Fig.  1.  The  typical  graph 
of  the  cavity  length  increase  after  the  supply  begin¬ 
ning  (Fig.  l,a)  and  the  dependence  of  the  maximal 
speed  of  the  cavity  length  increase  Vcmax  = 
and  the  relative  value  of  the  cavity  formation  pe¬ 
riod  if  =  hL  on  a  value  of  the  supply  rate  coefficient 

Qs  ~  (f'ig-  shown.  Here,  we  desig¬ 

nated:  Vo  is  the  mainstream  velocity;  Dn  is  the 
cavitator  diameter;  Le  is  the  cavity  length;  t  is  the 


time;  14  =  is  the  speed  of  the  cavity  length  in¬ 
crease;  Qg  is  the  blown  gas  rate;  tj  is  the  complete 
time  of  the  cavity  formation;  tc  =  ^  is  the  time 
for  passing  by  cavitator  the  distance  Lc-  It  is  seen 
from  graphs  that  maximal  values  of  speed  of  the 
cavity  length  increase  is  lower  than  the  velocity  of 
the  cavitator  motion  in  stream  greater  than  by  an 
■order.  Moreover,  in  the  case  of  presence  of  a  body 
moving  in  a  cavity  past  a  cavitator  the  cavity  for¬ 
mation  process  becomes  considerably  complicated. 
The  cavity  control  by  the  gas  blowing  is  impossible 
at  motion  velocity  increase  and  approximation  to 
the  vapor  cavitation  regime. 

We  have  applied  another  approach  to  the  problem 
on  control  of  the  supercavity  parameters.  The  basis 
supercavity  dimensions  -  the  mid-section  diameter 
Dc  and  length  Lc  -  are  determined  with  enough 
accuracy  by  asymptotic  relations  [1,  5] 


Dn 


Cxo(l  +  <^)  .  Lc 


■’  ^  =  £:\/c*o(l 


where  cr  =  cavitation  number;  po 

M  Pc  are  the  pressures,  respectively,  in  the  free 
stream  and  in  the  cavity;  p  is  the  fluid  density; 
Cxo  =  Cx  =  is  the  cavitator  drag  co¬ 

efficient;  X  is  the  frontal  cavitator  drag;  Sn  is  the 
area  bounded  by  line  of  free  streamline  separation 
on  a  cavitator.  An  analysis  of  these  relations  shows 
a  possibility  in  principle  of  control  of  the  cross  di¬ 
mension  and  length  of  a  cavity  by  means  of  the 
control  parameter  Cj,o  at  saving  the  constant  cavi¬ 
tator  diameter  [6]. 


The  scheme  of  realization  of  such  method  of  the 
cavity  control  is  given  in  Fig.  2- in  the  most  gen¬ 
eral  view.  The  cavitator  represents  a  solid  body  1 
with  fixed  edge  2  of  the  free  streamline  separation 
and  variable  geometry  of  the  streamlined  surface 
located  in  front  of  this  edge.  The  variation  of  the 
cavitator  drag  coefficient  and,  hence,  values  of  the 
frontal  hydrodynamic  drag,  cavity  length  and  di¬ 
ameter  are  attained  by  means  of  changing,  for  ex¬ 
ample,  the  height  h  of  its  streamlined  profile  at  sav- 
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ing  the  constant  cavitator  diameter  Dn-  Using  the 
one-valued  behaviour  of  dependences  X{h)\  Ldh) 
and  Dc{h)  at  the  constant  cavitation  number,  we 
have  a  possibility  to  vary  the  cavity  characteristics 
by  varying  one  parameter.  The  supercavity  control 
possibility  due  to  these  cavitators  was  experimen¬ 
tally  investigated  in  the  hydrodynamic  laboratory 
ofthelHM. 

3.  HARDWARE  AND  METHODS  TO 
CARRY  OUT  THE  EXPERIMENTS 

The  experiments  were  carried  out  using  the  cavi¬ 
tators  of  enough  rigid  structure  ensuring  the  one¬ 
valued  check  of  the  streamlined  surface  geometry. 
The  scheme  variants  of  the  cavitators  with  variable 
drag  are  shown  in  Fig.  3.  The  applied  cavitators 
have  combined  design  including  the  outer  body  1 
with  sharp  frontal  edge  having  the  diameter  Dn 
and  the  central  element  2  with  the  same  diameter 
located  in  tne  outer  body.  Variation  of  the  stream¬ 
lined  surface  geometry  and,  as  a  result,  the  cavita¬ 
tor  drag  at  its  constant  diameter  was  realized  by 
changing  relative  positions  of  the  body  1  and  the 
central  element  2.  Bodies  of  revolutions  of  various 
types  can  serve  as  a  central  element  for  considered 
cavitators.  This  has  certain  applied  significance. 
For  example,  the  type  of  cavitators  shown  in  Fig. 
3, a  with  central  element  close  to  a  paraboloid  of 
revolution  assumes  using  the  frontal  surface  to  lo¬ 
cate  devices,  which  are  not  functionally  connected 
with  cavitator,  so  as  the  axial  water  inlet,  sensors 
etc. 

The  experiments  with  pointed  cavitators  were  car¬ 
ried  out  in  the  small  hydrodynamic  tunnel  having 
glass  working  section  with  dimension  0.34  x  0.34 
X  2.0  m  at  constant  mainstream  velocity  Vo  =  8.9 
m/s.  The  tested  cavitators  were  fixed  along  the 
stream  axis,  the  supercavity  was  created  by  air- 
supply  to  the  zone  past  the  cavitator.  The  scheme 
of  experiment  in  the  working  part  of  the  hydro- 
dynamic  tunnel  is  presented  in  Fig.  4.  The  pho¬ 
tographs  of  the  nose  of  cavities  past  the  cavitators 
of  pointed  types  are  shown  in  Fig.  5. 

The  cavitator  having  variable  drag  and  a  cone- 
shaped  central  element  shown  in  sketch  (Fig.  3,  b) 
has  been  chosen  for  systematic  experimental  inves¬ 
tigations.  Results  of  these  researches  are  submitted 
below.  In  this  case  the  choose  of  the  central  body 
shape  is  due  to  that  the  hydrodynamic  characteris¬ 
tics  of  cones  was  enough  well  studied  at  cavitation 
flow  around  them  [1,  2,  7].  Since,  the  drag  coeffi¬ 
cient  of  this  cavitator  definitively  depends  on  the 
value  X  of  displacement  of  the  central  element  2 
relatively  to  frontal  sharp  edge  of  the  body  1 ,  then 
the  pointed  linear  parameter  x  will  be  named  as  a 
working  stroke  of  the  cavitator  with  variable  drag. 
The  photographs  of  the  cavitator  applied  in  the  ex¬ 


periments  with  diameter  =  20  mm  are  shown  in 
Fig.  6  at  two  extreme  positions  of  the  conic  central 
element  relatively  to  the  body. 

The  quantitative  characteristics  of  the  cavitators 
were  measured  for  four  values  of  a  cone  angle  of  the 
central  element  :  2/?  =  60°;  90°;  120®;  180°  (disk). 
According  to  a  dependence  Cx^{2^)  adduced  in 
Fig.  7  the  range  of  the  drag  coefficient  variation 
for  the  pointed  cones  is  Cx^  =  0.34  0.82  at  the 

zero  cavitation  number  [2].  During  experiments  the 
cavity  parameters  Lc  and  D^,  and  the  frontal  drag 
value  X  of  the  cavitator  as  a  function  of  the  value  x 
of  its  working  stroke  were  being  measured  by  means 
of  photoregisration  and  tensometer  for  the  pointed 
values  of  cone  angles.  To  ensure  a  comparison  of  re¬ 
sults  these  measurements  were  executed  for  steady 
cavities  at  constant  values  of  the  cavitation  num¬ 
ber. 

Moreover,  the  experiments  on  study  of  nonstation¬ 
ary  supercavities  were  carried  out.  Their  purpose 
was  to  determine  the  speed  of  the  cavity  control 
by  means  of  the  considered  cavitators.  The  ex¬ 
periments  with  cavities  past  flat  cavitators  having 
shape  differing  from  circular  one  were  performed 
too. 

4.  RESULTS  OF  EXPERIMENTS 
Variation  of  the  cavitator  drag  coefficient  Cx  de¬ 
pending  on  a  cone  angle  of  the  central  element  and 
the  working  stroke  value  x  is  shown  in  Fig.  8  by  ex¬ 
perimental  graphs  Cx/Cxdi^fDn)  n  Cx/Cxd{!>:/h). 
They  characterize  a  possibility  of  the  frontal  drag 
control  by  means  of  the  given  cavitators  (here,  Cxd 
is  the  drag  coefficient  for  disk).  Graphs  show  that 
both  the  range  of  the  drag  coefficient  regulation 
and  the  cavitator  working  stroke  value  increase  at 
decrease  of  a  cone  angle  of  the  central  element  (Fig. 
8, a).  The  lower  limit  of  this  range  corresponds 
to  x/Dn  —  0  and  is  defined  by  value  Cx  for  ap¬ 
propriate  cone.  The  upper  limit  of  regulation  of 
Cx  does  not  depend  on  the  central  element  shape 
and  is  reached  when  the  working  stroke  value  x  is 
close  to  the  profile  height  h  of  the  central  element, 
that  is  x/h  >  0.9  for  all  cones  (see  Fig.  8,  b).  In 

this  case  the  limit  value  for  ratio  (  j  ~  1.17 
is  reached.  From  here,  we  obtain  the  limit  value 
of  the  drag  coefficient  Cxo  —  0-96  for  cavitators 
of  considered  type  with  account  that  for  disk  at 
2/?  =  180°  Cxo  cx  0.82.  Thus,  for  cone  angle  of  the 
central  element,  for  example,  2/?  =  60°,  we  obtain 
almost  triple  change  of  the  cavitator  drag  coeffi¬ 
cient  in  limits  of  the  working  stroke  value. 

The  stated  above  is  confirmed  by  experimental 
graphs  of  dependence  of  the  supercavity  length 
and  diameter  on  the  relative  value  of  the  cavitator 
working  stroke  f  at  the  constant  cavitation  num- 
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ber  (Fig.  9,a,b).  We  can  see  also  from  these  graph.s 
that  the  effective  range  of  the  cavitator  working 
stroke  is  f  =  0  -r-  0.9. 

The  control  of  steady  supercavity  dimensions  due 
to  varying  the  cavitator  drag  is  illustrated  by  pho¬ 
tographs  submitted  in  Fig.  10.  In  this  case  we 
compare  the  cavities  obtained  at  equal  cavitation 
numbers  and  two  limit  values  of  the  cavitator  work¬ 
ing  stroke  corresponding  to  minimal  [x/h  =  0)  and 
maxim.al  (|-  =  0.91)  values  of  the  drag  coefficient 
C^. 

As  it  was  pointed,  the  stated  results  refer  to  steady 
regimes  of  the  supercavitating  flow.  The  question 
about  the  supercavity  evolution  speed  at  influence 
of  the  control  parameter  Cx  and  also  about  the 
cavity  deformation  behaviour  at  unsteady  regimes 
due  to  abrupt  changes  of  the  cavitating  body  drag 
are  of  interest  too.  It  is  enough  obvious  from  gen¬ 
eral  physical  concepts  that  the  cavity  shape  change 
should  be  realized  with  mainstream  velocity  in  this 
case.  This  assumption  wtis  checked  in  the  special 
experiments,  where  we  have  realized  two  enough 
quick  regimes  of  the  frontal  drag  change;  from 
maximal  value  to  minimal  one  and  on  the  contrary, 
from  minimal  value  to  maximal  one. 

This  is  attained  by  means  of  free  motion  of  one 
of  the  cavitator  elements  —  the  outer  body  or  the 
central  element  —  about  the  rigidly  fixed  second 
element  in  the  longitudinal  direction.  In  the  initial 
position  the  mobile  element  was  fixed  in  forward  (in 
opposite  to  the  mainstream)  position.  After  that 
the  mobile  element  of  the  cavitator  was  displaced  to 
the  extreme  back  position  due  to  the  velocity  head 
effect,  and  the  snapshot  of  the  cavity  shape  with 
exposure  time  about  s  was  being  realised  after 
given  time  interval  tsn-  The  maximal  initial  value 
of  the  frontal  drag  was  being  ensured  at  use  of  the 
outer  cavitator  body  as  a  mobile  body.  The  mini¬ 
mal  initial  drag  of  the  cavitator  was  being  ensured 
at  mobile  central  element.  The  drag  jump  value 
was  defined  by  cone  angle  of  the  central  element. 

The  scheme  of  the  experiment  is  presented  in  Fig. 
11.  The  behaviour  of  changing  Cx  and  Lc  for  time 
at  abrupt  drag  reduction  (Fig.  11,  a)  and  also  the 
scheme  of  the  longitudinal  cavity  deformation  reg¬ 
istration  ALc  for  time  tsn  (Fig-  11,  b)  are  shown 
there.  The  initial  steady  cavity  is  plotted  by  dot¬ 
ted  line.  Measurement  of  the  photographs  confirms 
that  the  cavity  change  as  a  result  of  the  cavitating 
body  drag  change  happens  with  the  mainstream 
velocity,  i.  e.  =  Vq. 

The  supercavity  transformation  behaviour  for  time 
is  illustrated  by  photographs  in  Figs.  12,  13  and 
14  at  processes  described  above.  Three  qualita¬ 
tively  various  types  of  the  unsteady  supercavity 


deformations  are  presented  there.  The  presented 
photograph  selections  are  not  cinegrams  (sequen¬ 
tial  frames),  but  are  only  registration  of  typical 
phases  of  the  considered  processes. 

The  sequential  stages  of  the  unsteady  cavity  de¬ 
formation  due  to  quick  reduction  of  the  cavita¬ 
tor  drag  are  presented  in  Fig.  12  at  a  moderate 
value  of  the  drag  difference  AC^.  In  this  case  the 
well  expressed  boundary  between  the  initial  cavity 
and  new  formed  cavity  contours  is  observed.  This 
boundary  in  the  form  of  a  ring  wave  moves  with 
mainstream  velocity  along  the  cavity  without  its 
discontinuity. 

The  stages  of  analogous  process  realized  for  more 
abrupt  form  are  shown  in  Fig.  13.  This  is  attained 
by  means  of  both  the  increase  of  the  value  AC* 
difference  and  'the  higher  speed  of  this  process.  In 
this  case  we  obtain  the  unsteady  regime,  when  the 
cavity  transformation  is  accompanied  by  disconti¬ 
nuity  between  the  new  formed  and  initial  parts  of 
the  cavity. 

In  contrast  to  the  stated  above  the  unsteady  cav¬ 
ity  transformation  process  stipulated  by  abrupt  in¬ 
crease  of  the  cavitator  drag  is  going  on  in  relatively 
smoothed  form  without  sharply  expressed  bound¬ 
ary  between  the  initial  and  new  formed  parts  of  the 
cavity  (Fig.  14). 

We  should  note  also  that  at  all  the  considered  un¬ 
steady  regimes  the  supercavity  (  or  its  parts  as  in 
Fig.  13)  saves  a  smooth  surface  due  to  preservation 
of  the  constant  edge  of  free  streamline  separation 
at  the  cavitator  drag  change. 

The  analysis  of  obtained  results  shows  a  possibility 
of  simulation  of  the  unsteady  cavitation  processes 
by  means  of  the  control  of  the  cavitating  body  drag. 
In  this  way,  for  example,  in  the  conditions  of  in¬ 
verted  motion  the  simulation  of  the  unsteady  cavi¬ 
tation  flow  processes  stipulated  by  variation  of  the 
velocity  and  depth  of  the  cavitating  body  motion 
is  possible  at  constant  mainstream  velocity.  Then, 
the  unsteady  regimes  stipulated  by  the  cavitator 
drag  Cx{t)  reduction  correspond  to  the  motion  ve¬ 
locity  Vo  reduction  in  noninverted  motion  and,  on 
the  contrary,  the  motion  with  increasing  velocity  is 
simulated  by  increase  of  the  drag  Cj;(f).  According 
to  this  we  note  that  a  qualitative  analogy  of  the 
unsteady  cavity  shapes  presented  in  Fig.  12,  13,  14 
and  cavities  registered  at  water  dive  of  bodies  with 
abrupt  change  of  the  velocity  along  the  trajectory 
is  observed  [8].  The  cavity  smooth  surface  preser¬ 
vation  for  all  the  control  regimes  is  also  an  essential 
property  for  practical  applications.  This  is  stipu¬ 
lated  by  constancy  of  the  free  streamline  separation 
line  of  the  cavitating  body. 

The  question  about  possibility  of  control  of  the 
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shape  of  cavity  cross  sections  by  changing  the  shape 
of  the  cavitating  edge  in  the  plane,  which  is  per¬ 
pendicular  to  the  flow  axis,  is  of  certain  interest 
from  point  of  view  of  the  general  problem  on  con¬ 
trol  of  the  supercavity  parameters.  We  have  car¬ 
ried  out  experiments  on  study  of  geometry  of  the 
steady  cavities  past  flat  cavitators  having  the  cav¬ 
itating  edge  shapes  differing  critically  from  circu¬ 
lar  one:  rectangles  with  different  side  ratio,  rhom¬ 
buses,  disks  with  local  protrusions  and  hollows  etc. 
The  experiments  were  carried  out  at  small  hydro- 
dynamic  tunnel  of  the  IHM  at  the  mainstream  ve¬ 
locity  Vq  —  8.9  m/s.  Cavities  have  been  pho¬ 
tographed  in  two  planes.  The  evolution  of  cross 
section  shape  along  the  cavity  length  has  been  stud¬ 
ied  by  using  results  of  measurement  of  the  cavity 
contour  projections.  Some  characteristic  results  of 
these  experiments  are  submitted  in  Figs.  15  and 
16. 


Photographs  of  two  projections  of  cavities  past 
cavitator  having  shape  of  an  elongated  rectangle 
with  side  ratio  1  :  6  are  presented  in  Fig.  15 
at  <7  =  0.0364,  Fr^  —  24.2  and  various  cavita¬ 
tor  orientations  in  the  stream:  with  vertical  (a) 
and  horizontal  (b)  position  of  the  long  side.  Here, 
Frd  =  is  the  diameter  of  a  disk  equivalent 

in  area.  It  is  well  seen  from  photographs  that  the 
intensive  cavity  expansion  happens  directly  past 
the  cavitator  in  the  plane,  which  is  parallel  to  its 
short  side.  At  the  same  time  the  cavity  cross  di¬ 
mensions  are  changed  considerably  weaker  in  the 
plane,  which  is  parralel  to  the  long  side.  Graphs  of 
changing  the  section  aspect  ratio  A  =  ^  of  these 
cavities  along  the  length  are  given  in  Fig.  16.  Here, 
Hi  and  are  the  cavity  cross  dimensions  in  the 
planes,  which  are  parallel  to  long  and  short  sides 
of  the  cavitator,  respectively.  Graphs  in  Fig.  16, a 
show  that  the  cavity  section  shape  intensively  tends 
to  circular  one  just  past  the  cavitator  and  trans¬ 
forms  into  circular  in  the  part  of  cavity  in  front  of 
its  mid-section.  Behind  the  mid-section  the  cavity 
sections  transform  in  different  way  in  dependence 
on  the  cavitator  orientation.  This  is  a  result  of  the 
gravity  influence.  The  graph  of  dependence  X{x) 
at  Fr  =  oo  obtained  by  means  of  processing  the 
same  experimental  data  by  approximate  methods 
[9]  is  presented  in  Fig.  16, b.  The  obtained  graph 
illustrates  the  process  of  the  cavity  section  reorien¬ 
tation  about  the  cavitating  body  position  without 
distortions  caused  by  gravity  influence. 


reduced  to  the  smoothing  the  initial  perturbations 
and  has  a  more  complex  behaviour.  Local  features 
of  the  cavitator  contour,  as  sharp  angles  or  hollows, 
cause  to  formations  with  opposite  sign  on  the  cav¬ 
ity  surface,  i.e.,  a  longitudinal  hollow  arises  past 
a  sharp  protrusion  of  the  cavitator  on  the  small 
distance  from  it,  and  a  hollow  presence  on  the  cav¬ 
itator  creates  longitudinal  protruding  crest  on  the 
cavity  surface.  These  formations  are  stable  along 
the  length  and  give  the  complex  shape,  which  con¬ 
sists  of  parts  with  alternating  curvature,  to  the  cav¬ 
ity  sections. 

5.  CONCLUSIONS 

The  possibility  of  control  of  the  supercavity  param¬ 
eters  by  varying  the  drag  coefficient  of  the  cavitat¬ 
ing  body  at  preservation  of  the  constant  cavitating 
edge  has  been  experimentally  shown.  The  obtained 
results  have  shown  the  real  possibility  to  realize 
control  for  wide  range  of  variation  of  the  cavitator 
drag  coefficients  and  the  cavity  length  and  cross  di¬ 
mension  dependent  on  it.  The  considered  approach 
has  the  advantage  permiting  the  cavity  control  to 
realize  independently  on  the  cavitation  number  or 
regimes  (vapor  or  gas).  It  is  shown  that  the  vari¬ 
ation  of  the  cavity  shape  and  dimensions  happens 
with  mainstream  velocity.  This  is  maximal  possible 
velocity  for  the  cavity  control.  It  is  essential  also 
that  the  cavity  control  method  by  means  of  cavi¬ 
tators  having  the  variable  drag  may  be  applied  to 
simulate  the  unsteady  cavitation  processes  in  the 
inverted  motion  conditions  at  the  constant  main¬ 
stream  velocity.  The  cavity  free  surface  remains 
always  smooth  due  to  saving  the  constant  separa¬ 
tion  line  of  free  streamlines  of  the  cavitating  body 
at  all  the  control  regimes. 

The  experiments  have  shown  the  limit  of  possibili¬ 
ties  to  influence  on  a  shape  of  the  cavity  cross  sec¬ 
tions  by  changing  the  cavitating  body  edge  shape 
in  view  of  a  complexity  of  processes  of  the  cavity- 
section  transformation  past  noncircular  cavitators. 
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Fig.  4.  Scheme  of  the  experiment  in  the  working  section  of  the  hydrodynamic  tunnel 


rig.  5.  Photographs  oi  the  nose  of  cavities  past  cavitators  with  variable  drag 


rig.  6.  Photographs  of  the 
cavitator  with  variable  drag  at  two 
extreme  positions  of  the  central 
element  relatively  to  the  body. 


Fig.  7.  Dependence  oi  the  drag  coefficient 
of  cones  on  the  cone  angle  at  the  zero 
cavitation  number  [2]. 


P'ig.  9.  Dependence  of  the  cavity  length  and  diameter  on  the  cavitator  working  stroke 

at  cqnstant  cavitation  number. 
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SUMMARY 

The  accurate  prediction  of  the  sound  field  gener¬ 
ated  by  moving  in  water  bodies  is  important  to  con¬ 
trol  sources  and  reduce  noise.  Measurement  and  pro¬ 
cessing  of  hydrodynamic  noise  can  give  important  in¬ 
formation  about  structure  of  flow  around  body.  One 
important  feature  of  high  speed  flows  around  bodies 
is  the  presence  of  cavitation.  An  accurate  simulation 
of  the  flow  field  past  cavitation  body  is  the  first  req¬ 
uisite  in  the  computation  of  the  radiated  noise.  The 
available  models  of  flows  that  describe  the  cavitation 
flows  do  not  give  adequate  picture  of  the  flow  in  all 
domain.  So  the  data  on  noise  in  cavitation  flows  are 
based  on  experimental  measurement.  Some  such  ex¬ 
periments  are  discussed  in  the  article.  The  estima¬ 
tion  of  acoustic  efficiency  of  different  kinds  of  flows 
is  presented .  Analysis  of  experimental  data  provides 
estimation  of  Struchal  numbers  in  flows  with  different 
cavitation  number. 

I.  INTRODUCTION 

The  sound  field  is  one  of  a  number  of  disturbances 
arising  from  a  moving  in  fluid  body.  This  specific 
disturbance  can  be  detected  at  a  great  distance.  Al¬ 
though  only  very  small  part  of  kinetic  energy  of  the 
moving  body  transforms  to  sound  the  study  of  char¬ 
acteristics  of  the  sound  is  practically  important.  The 
problem  of  sound  radiation  by  moving  body  in  a  fluid 
has  received  attention  for  a  long  time  [1].  The  gen¬ 
eral  case  of  motion  in  ideal  compressible  fluid  of  both 
rigid  and  compliant  bodies  has  a  simple  integral  de¬ 
scription  by  the  Kirchhoff’s  formula  [2].  But  some 
important  features  of  the  fluid-body  interaction  can 
not  be  considered  in  the  scope  of  ideal  fluid  models. 

We  consider  the  problem  of  sound  radiation  by  a 
body  moving  at  a  high  speed.  Taking  into  account 
the  acoustical  aspect  of  the  problem  it  is  not  possible 
to  determine  uniquely  specific  feature  of  high  speed 
body  motion.  The  structure  of  the  flow  past  body 
is  strictly  dependent  on  form  of  the  body.  The  main 
interest  in  the  article  is  concentraded  on  sharp-edged 
bluff  bodies.  For  such  kind  of  bodies  one  can  say  that 
high  velocity  motion  in  water  is  certain  to  create  the 
cavity  in  the  wake  of  the  bodies.  It  is  a  flow  with  free 
boundaries  [3]. 


Cavitating  flow  has  been  studied  quite  extensively 
in  the  past  in  the  Institute  of  Hydromechanics  of  the 
National  Academy  of  Sciences  of  Ukraine  [3,  4].  Now 
the  interest  to  the  problem  has  quickened  in  con¬ 
nection  with  possibility  to  achieve  the  body  veloc¬ 
ity  close  sound  speed  in  water  in  so-called  supercav¬ 
itation  regime  [5].  Hydrodynamic  characteristics  of 
body  moving  in  cavitation  regime  are  estimated,  as 
a  rule,  in  scope  of  the  model  of  ideal  incompress¬ 
ible  fluid.  Taking  into  account  the  compessibility  of 
fluid  results  only  in  insignificant  effect  on  geometrical 
and  force  characteristics  of  flow  up  to  Max  number 
of  M  =  0.7[5]. 

It  is  essential  to  notice  that  all  approaches  to 
model  description  of  cavitation  flows  are  founded  on 
a  very  crude  model  of  flow  in  closure  region  of  cavity. 
The  structure  of  the  flow  in  this  small  domain  can 
be  unimportant  with  respect  to  integral  force  charac¬ 
teristics  but  be  very  important  with  respect  to  sound 
generation  process.  Up  to  now  no  clear-cut  physical 
model  of  the  flow  in  this  domain  exists.  This  does  not 
allow  to  develop  a  mathematical  model  to  calculate 
characteristics  of  sound  and  efficiency  of  radiation. 
Because  of  this  a  knowledge  about  sound  radiation  in 
cavitation  flow  is  based  on  qualitative  description  of 
the  flow  in  closure  region  and  on  experimental  data. 

II.  SOUND  GENERATION  BY  RIGID  BODY 

Preparatory  to  consider  some  data  for  sound  gen¬ 
eration  in  cavitation  flows  we  will  first  discuss  the 
views  of  the  process  in  flow  without  cavitation.  The 
prediction  of  flow-induced  noise  is  based  on  the 
Lighthill’s  acoustic  analogy  [6]  and  extension  of  that 
on  rigid  body  motion  case  by  Curie  [7].  A  general 
analysis  of  this  problem,  starting  from  first  princi¬ 
ples,  is  hardly  possible,  and  in  this  phase  of  the  study 
we  must  rely  on  experimental  data  relating  the  inter¬ 
action  forces  to  parameters  describing  the  flow  field 
and  the  body.  The  first  data  of  the  direct  numerical 
estimation  of  noise  using  acoustic  analogy  [8]  are  also 
very  important. 

The  structure  of  the  flows  past  rigid  bodies  is 
mostly  determined  by  the  Reynolds  number  J?  =  ^, 
where  D,  V,  and  i/  denote  the  freestream  velocity. 
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characteristic  dirnension  of  the  body,  and  kinematic 
viscosity  of  the  fluid. 

For  sufficiently  small  Reynolds  numbers,  as  in 
many  problems  of  sound  radiation  in  hydroacoustics, 
the  sound  radiation  is  the  most  important  mecha¬ 
nism  of  vibration  damping.  The  viscous  drag  is  small 
and  proportional  to  relative  velocity.  As  the  relative 
speed  increases  the  other  mechanisms  of  dissipation 
become  important. 

For  Reynolds  numbers  within  the  boundaries 
(300  <  R  <  10'*)  strong  periodic  components  of  the 
fluid  motion  in  the  wake  can  be  seen.  For  example, 
in  the  wake  behind  a  cylinder  a  set  of  vortices  is  shad 
off  the  cylinder  surfeice  forming  the  Karman  vortex 
street.  The  formation  of  vortex  set  produces  a  peri¬ 
odic  oscillatory  transverce  momentum  component  of 
the  fluid  motion  in  the  vicinity  of  the  cylinder.  As  a 
result  a  sound  field  is  produced  equivalent  to  that  of 
an  oscillatory  volume  force  acting  on  the  fluid. 

The  radiated  sound  spectrum  has  a  peak  at  fre¬ 
quency  /  given  by 


(1) 


where  D  is  diameter  of  cylinder  and  Si  is  Strouchal 
number.  Experimentally,  the  Strouchal  number  is  ap¬ 
proximately  constant  {St  —  0.2)  over  the  mentioned 
range  of  Reynolds  numbers. 

The  magnitude  of  the  transverce  force  per  unit 
length  of  the  cylinder  can  be  estimated  by 
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It  is  natural  to  compare  this  acoustic  power  with  the 
total  flow-energy  loss  from  drag  force  on  the  cylinder. 
Taking  into  account  some  empirical  relation  one  can 
get  ^ 

Wa  ct  l.Z^DA  (6) 

The  coefficient  of  acoustic  efficiency  of  the  system  t) 
can  be  determined  as 

(7) 


Fi  =  (2) 

where  /?  is  an  empirical  coefficient  and  p  is  density  of 
the  fluid.  As  a  mean  value  of  this  coefficient  one  can 
use  /?  ~  1.  The  characteristic  wavelength  of  radiated 
sound  for  frequency  in  (1)  is 

A  bDy  (3) 

where  c  is  sound  velocity  in  the  fluid.  It  may  be  con¬ 
cluded  that  even  for  M  «  1  the  diameter  is  small  with 
regard  to  wavelength.  The  correlation  length  of  the 
vortices  A  is  typically  three  or  four  times  the  diame¬ 
ter  and  can  be  considered  as  a  value  small  relative  to 
wavelength.  Thus  for  M  <  1  the  sound  radiated  by 
length  A  of  the  cylinder  is  the  same  as  that  produced 
by  point  force 

F,  =/?^TIAexp-'2'-^‘  (4) 

The  corresponding  sound  field  is  the  sound  field 
of  a  moving  dipole  and  is  given  in  [10].  For  relatively 
small  Mach  number  emitted  power  is 

(5) 


It  may  be  concluded  that  the  source  under  consider¬ 
ation  is  not  efficient. 

The  sound  field  that  we  have  just  discussed  cor¬ 
responds  only  to  the  fluid  motion  near  the  cylinder 
boundary.  Some  acoustic  radiation  will  be  a  result 
of  interaction  of  coherent  structures  in  wake  of  the 
cylinder.  The  estimation  of  efficiency  of  such  type  of 
sources  can  be  obtained  from  numerical  data  for  a 
set  of  vortices.  The  coefficient  of  acoustic  efficiency 
can  be  given  in  the  form  T]ad  =  aM^.  The  value  of 
the  coefficient  a  as  the  function  of  ratio  of  vorticity 
is  shown  in  Fig.  1.  The  solid  line  corresponds  to  set 
of  two  point  vortexes.  Taking  into  account  finite  di¬ 
mension  of  vortex  kernel  can  produce  some  increase  of 
radiated  sound  (dashed  line).  The  flow  in  the  wake  of 
the  cylinder  has  a  more  complicated  structure.  But 
some  times  interaction  of  a  set  of  sources  does  not 
produce  more  intensive  sound.  One  can  see  that  in¬ 
teraction  of  coherent  structures  does  not  produce  in¬ 
tensive  sound.  In  the  case  under  consideration  the 
dipole  sources  are  more  important.  Such  conclusion 
is  in  good  agreement  with  the  results  of  direct  numer¬ 
ical  implementation  of  the  Lighthill’s  analogy  equa¬ 
tion  [11]. 

Both  presented  estimations  contain  Mach  number 
as  more  important  characteristic  of  the  flows.  That 
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estimations  are  correct  only  under  the  condition  that 
Meich  number  is  small.  It  is  not  essential  restriction 
for  many  practical  problems  because  the  discussed 
results  are  applicable  up  to  Af  ~  0.3.  When  M 
increases  the  structure  of  the  flow  can  change  suffi¬ 
ciently  .  Cavitating  flow  around  body  can  define  spe¬ 
cific  structure  of  wake  and  formation  of  new  sources 
of  sound. 

III.  SCHEMES  OF  CAVITATION  FLOWS 

We  have  just  considered  the  estimation  of  sound 
radiation  by  separate  flow  past  cylinder.  For  many 
other  bodies  the  picture  of  the  flow  will  be  the  same 
in  a  qualitative  sence.  When  velocity  of  the  flow 
increases  its  structure  can  differ  substantially  from 
those  considered  earlier.  In  the  flow  past  bodies  the 
cavitation  nucleus  can  originate. The  cavitation  num¬ 
ber 

^  =  ‘^(Poo-Pc)  (8) 

pVoO 

is  an  important  parameter  to  characterize  the  flow. 

In  general  several  stages  of  cavitation  flows  are 
distinguished.  After  the  bubble  and  cavitation  vor¬ 
tex  form,  the  stationary  cavity  related  with  body  is 
generated  as  the  cavity  number  decreases.  The  bub¬ 
ble  cavitation  has  been,  for  several  decades,  a  subject 
of  considerable  interest  of  both  hydrodynamics  and 
acoustics.  Even  though  the  study  of  dynamics  of  a 
single  bubble  isolated  in  a  liquid  is  a  difficult  prob¬ 
lem  [14].  Many  important  quantitative  characteris¬ 
tics  of  cavitation  motion,  including  acoustical  ones, 
have  been  found  experimentally.  Here  we  will  dis¬ 
cuss  only  some  acoustical  data  for  moving  body  with 
stable  cavity. 

Many  hydrodynamic  aspects  of  flows  with  stable 
cavity  can  be  understood  and  described  quantita¬ 
tively  in  scope  of  the  model  of  ideal  incompressible 
fluid.  To  study  the  acoustical  phenomena  in  hydrody¬ 
namic  flow  it  is  necessary  to  know  the  source  function 
in  wave  equation  [9].  Existing  models  of  cavitation 
flows  do  not  give  an  appropriate  basis  for  develop>- 
ment  of  corresponding  acoustical  model.  There  are 
three  schemes  of  closure  of  the  cavitating  motion  [11]. 
The  schemes  are  shown  in  Fig.  2.  One  can  see  there 
three  different  approaches  to  solution  of  the  prob¬ 
lem  of  cavity  closure.  The  structure  of  flows  accord¬ 
ing  to  these  schemes  in  closure  region  is  completely 
different.  The  hydrodynamic  problem  is  solved  in 
the  scope  of  the  hypothesis  that  disturbances  near 
the  ends  of  the  cavities  do  not  affect  the  flow  struc¬ 
ture  near  leading  edges.  The  assumption  is  natural 
in  scope  of  the  ideal  incompressible  fluid  model  but 
it  does  not  give  a  foundation  to  develop  a  sound  field 
estimation  algorithm. 

The  influence  of  compressibility  on  characteristics 
of  cavitating  motion  is  very  small  as  far  as  M  ~  1 


Figure  2; 

[5].  At  the  same  time  the  compressibility  effects  are 
the  determining  feictor  with  respect  to  acoustical  as¬ 
pects  of  the  cavitation  motion.  The  fact  that  the 
compressibility  properties  have  slight  influence  on  hy¬ 
drodynamic  characteristics  of  cavitating  motion  gives 
a  ground  for  important  qualitative  conclusion.  One 
can  say  that  cavitation  motion  also  forms  very  weak 
mechanism  for  transformation  of  energy  of  the  flow 
into  energy  of  sound  waves.  And  yet  if  the  notice¬ 
able  discrepancies  in  3-4%  between  compressible  and 
incompressible  solutions  [5]  were  related  with  sound 
production  the  source  would  be  much  more  effective 
than  the  cylinder  in  separated  flow. 

IV.  ANALYSIS  OF  EXPERIMENTAL  DATA 

At  the  very  beginning  of  the  development  of  cav¬ 
ity  in  flow  past  body  one  can  not  see  a  great  change 
in  acoustical  properties  of  the  flow.  The  support  for 
such  conclusion  gives  the  analysis  of  the  experimental 
data  [15].  The  authors  present  the  experimental  re¬ 
sult  for  the  cavitation  number  a  in  the  range  from  5 
to  15.  The  cross  flow  past  equilateral  triangle  prisms 
was  studied.  Measurement  of  pressure  pulsation  in 
wake  gives  the  functions  St  =  The  functions 

for  different  positions  of  prism  with  respect  to  filling 
flow  direction  are  presented  in  Fig.  3.  One  can  see 
that  Strouchal  number  is  practically  identical  to  that 
for  cylinder  in  section  I.  It  is  reasonable  to  suppose 
that  action  of  the  bodies  on  the  flow  will  be  simi¬ 
lar  to  concentrated  oscillating  force.  The  typical  [15] 
power  spectrum  of  pressure  fluctuation  for  a  =  8.58 
is  shown  in  Fig.  4.  The  dominant  frequency  of  the 
radiation  is  close  to  50Hz,  X  =  30m  so  the  source  re¬ 
gion  can  be  considered  as  compact.  The  authors  [15] 
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Figure  5: 


Figure  4: 


noticed  that  at  very  low  cavitation  number  the  spec¬ 
tra  do  not  indicate  a  clear  dominant  frequency.  In 
light  of  concrete  experimental  data  the  question  calls 
for  further  investigation.  From  the  data  [15]  it  is  clear 
that  region  with  <7  <  5  is  interesting  for  discussion. 

The  early  observations  of  the  cavitation  phenom¬ 
ena  have  been  performed  for  many  decades  ago.  A  re¬ 
view  of  the  first  facts  was  given  by  Epshtain  L.A.  [12]. 
He  also  performed  first  experimental  observations  of 
acoustical  phenomena  in  cavitation  flows  in  region  of 
relatively  small  cavitation  numbers.  The  first  things 
to  note  in  the  cases  of  ship  screw  cavitation  are  that 
strong  vibrations  are  arising.  One  can  say  that  some 
effective  mechanisms  of  transformation  of  flow  energy 
into  sound  and  vibration  energy  are  created. 

The  experimental  investigation  [12]  of  sound  ra¬ 
diation  by  cavitation  was  carried  out  in  cavitation 
water  tunnel.  The  circular  cylinder  of  diameter  D  = 
lOmm  formed  the  bcisic  test  body.  The  character¬ 
istics  of  sound  were  measured  in  air  at  the  distance 
of  0.2m  from  the  test  section.  The  initial  data  and 
some  results  of  measurements  are  presented  in  Table 
1 .  The  table  contains  data  for  several  important  pa¬ 
rameters  of  the  experiments.  One  can  see  there  data 
for  velocity  and  pressure  of  the  approaching  flow.  It  is 
interesting  to  consider  the  acoustical  characteristics. 
The  Strouchal  number  is  calculated  with  respect  to 
diameter  of  cylinder. 


First  of  all  one  can  notice  the  irregular  dependence 
of  main  frequency  of  sound  on  cavitation  number.  So 
high  level  of  radiated  sound  without  any  doubt  shows 
that  cavitation  creates  new  type  of  sound  source.  The 
character  of  the  radiation  shows  existence  of  some  res¬ 
onance  phenomena.  So  sharp  dependence  of  eigenfre- 
quency  of  the  fundamental  mode  on  cavitation  num¬ 
ber  does  not  have  any  explanation.  Importance  of 
resonance  effects  in  the  sound  radiation  by  the  single 
vortex  was  noted  in  [13].  Here  the  resonance  frequen¬ 
cies  of  the  cavity  were  identified  in  the  experimental 
noise  spectra.  The  author  notes  very  strong  depen¬ 
dence  of  the  main  radiating  frequency  on  cavitation 
number.  He  explains  the  dependence  as  a  result  of 
effective  excitation  of  different  modes.  One  can  say 
that  a  source  of  monopole  type  was  created  in  flow 
and  that  produced  sound  W2is  a  result  of  forced  os¬ 
cillation  of  the  cavity.  The  type  of  radiating  mode 
can  be  strongly  dependent  on  disturbances  in  coming 
flow. 

The  important  characteristic  of  periodical  struc¬ 
ture  of  the  flows  is  the  Strouchal  number.  For  the 
supercavitation  motions  the  number  strongly  depen- 
dends  on  cavitation  number.  The  corresponding  ex¬ 
perimental  data  are  presented  in  Fig.  5.  Here  the 
triangles  show  the  experimental  measurements.  The 
last  can  be  rather  accurately  approximated  by  the 
linear  function  St  =  120<t. 

The  mechanism  of  initiation  of  the  forced  oscilla¬ 
tion  may  be  connected  with  dynamical  behavior  of 
the  cavities  in  flow.  Despite  lack  of  adequate  models 
of  the  flow  in  closure  region  the  experimental  observa¬ 
tion  clearly  shows  an  existence  of  a  periodical  process 
in  change  of  cavity  volume.  Figures  6  and  7  display 
the  character  of  flow  in  closure  region  of  cavities  for 
two  different  types  of  motion.  The  periodic  character 
of  the  wake  structure  is  obvious. 

The  presented  pictures  show  that  new  important 
source  of  sound  is  in  the  wakes  of  cavitating  motion. 
It  is  the  sequence  of  bubbles.  The  single  bubble  is  a 
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very  effective  source  of  sound.  The  collapse  of  single 
bubbles  produces  strong  sound  [13]  with  efficiency 
coefficient  t;  «  0.3.  But  experimental  data  for  bubble 
cavitation  show  that  the  value  of  this  coefficient  is 
only  T]  m  3.10“®.  Thus  the  difference  is  20dB.  The 
physical  reason  is  that  interaction  in  bubble  ensemble 
is  a  governing  factor. 

The  bubble  cavitation  is  also  characterized  by  spe¬ 
cific  spectra  of  the  radiated  sound  [13].  The  spectra 
does  not  contain  any  strong  separated  frequencies.  So 
there  is  no  basis  to  consider  the  experimental  data  in 
table  1  as  a  result  of  bubble  cavitation.  The  existence 
of  some  strong  periodic  regimes  in  cavity  oscillation 
is  predicted  in  scope  of  theory  of  auto-oscillation  [16]. 
The  author  considered  different  kinds  of  cavities.  It  is 
interesting  that  existing  strong  periodic  regimes  are 
typical  for  natural  vapor  cavity. 

To  this  point  the  cavity  near  moving  body  has 
been  considered  as  a  source  of  sound.  It  is  interesting 
to  consider  the  cavity  near  body  as  the  element  of  a 
mechanism  to  control  sound  radiation.  In  Fig.  8 
a  test  equipment  is  presented.  At  the  top  of  part 
1  a  hydrophone  is  situated.  In  region  4  there  is  a 
sound  radiator.  The  signals  from  hydrophone  were 
considered  for  two  cases.  First  the  equipment  was 
put  in  flow  without  cavity.  The  flow  velocity  was 
small  to  produce  natural  cavity.  In  the  latter  case  the 
artificial  cavity  2  was  created  near  the  head  part  of 
equipment.  In  both  cases  the  same  value  of  electric 
voltage  was  used  as  an  exciting  force  of  the  sound 
radiator  in  region  4. 

The  results  of  sound  measurement  are  given  in 
Fig.  8.  The  line  crossing  square  points  corresponds 
to  the  first  ceise.  The  crosses  identified  the  line  corre¬ 
sponding  to  the  second  one.  It  is  naturally  that  the 
presence  of  cavity  sufficiently  change  the  conditions 
of  work  for  hydrofone.  The  nearby  sources  of  sound 
are  working  similar  to  acoustically  soft  surface.  One 
can  see  that  cavity  plays  a  role  of  such  surface  in  very 
wide  frequency  band.  This  result  may  be  interesting 
with  respect  to  mentioned  difference  in  the  radiation 
efficiency  of  single  bubble  and  ensemble  of  bubbles. 
In  Fig.  8  we  can  see  the  same  difference  in  20  dB 
between  sound  levels  of  source. 

CONCLUSION 

The  problem  of  estimation  of  acoustical  properties 
of  cavitating  flow  is  very  complicated.  The  lack  of  any 
complete  schemes  of  flow  past  stable  cavity  does  not 
give  a  way  for  analytical  and  numerical  description  of 
the  acoustical  problem.  Experimental  data  give  the 
basis  to  consider  the  stable  cavity  as  a  monopole  type 
source  of  sound.  Such  sources  are  more  effective  than 
sources  in  flows  without  cavity.  The  cavity  near  body 
can  be  used  to  control  char8w:teristics  of  hydrophons 
plaiced  at  cavitation  body. 
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Table  1:  Experimental  measurement  of  sound  produced  by  cavitation  flow 

past  rigid  cylinder 


Voo[w/sec] 

L[dB] 

/[&] 

a 

Si 

P  i 

3,31 

11.7 

69 

650 

4,80 

0,555 

0,048 

3.24 

12,3 

77,5 

400 

4,30 

0,325 

0.130 

3,16 

12,9 

94 

950 

3,80 

0.736 

0.90 

3,13 

13,18 

90 

700 

3.60 

0,530 

0,56 

3,08 

13.6 

86 

680 

3.35 

0,500 

0.38 

3,02 

14.0 

73 

.788 

3,10 

0,563 

0,084 

3,02 

14,0 

73 

760 

3,10 

0,542 

0.084 

3.08 

13,6 

85 

680 

3,35 

0,500 

0,325 

3,13 

13,18 

92 

700 

3,60 

0,530 

0.72 

3.16 

12,9 

96 

950 

3,80 

0,736 

1,16 

3.24 

12.3 

78 

380 

4,30 

0,309 

0.136 

3,31 

11.7 

61 

620 

4,80 

0,530 

0,035 

1 

Figure  6;  Structure  of  cavitation  flow  after  air-water  boundary  penetration 
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ABSTRACT: 

SUPERCAVITATING  PROJECTILE  EXPERIMENTS  AT  SUPERSONIC  SPEEDS 


Ivan,  N.  KmSCHNER 

Naval  Undersea  Warfare  Center  Division 
Launcher  and  Missile  Systems  Department 
Newport,  Rhode  Island  02841  U.S.A. 


Selected  results  of  research  and  development  in  the  topic  area  of  supercavitating  high-speed 
bodies  were  presented.  A  United  States  underwater  speed  record  was  set  on  17  July  1997 
with  successful  launch  of  a  supercavitating  projectile  from  a  fully-submerged  gun.  The 
projectile  followed  a  stable  trajectory  along  most  of  a  17-m  test  range  before  impacting  the 
safety  containment.  The  gun  launcher  employed  a  conventional  powder  propellant,  but  was 
fitted  with  a  special  waterproof  breech  and  a  special  sealing  system.  The  bow  shocks  of  other 
projectiles  launched  at  supersonic  speeds  are  clearly  visible  in  high-speed  film  images 
captured  during  the  test  series(see  Figure  1 .  Figure  2  presents  a  composite  image  of  a 
projectile  traveling  at  approximately  1220  mis). 

This  effort  was  sponsored  by  the  Office  of  Naval  Research,  the  Defense  Advanced  Research 
Projects  Agency,  and  the  Naval  Undersea  Warfare  Center  (NUWC)  Division  Newport  under 
a  program  that  has  evolved  since  the  1980s.  Under  this  program,  the  theory  of  high-Mach- 
number  underwater  flows  has  been  investigated  since  1994.  Ongoing  research  involves  the 
interaction  between  shockwaves  and  the  cavity,  along  with  firs-principles  modeling  of 
projectile  dynamics  and  stability. 

The  NUWC  Division  Newport  Supercavitating  High-Speed  Bodies  Test  Range  has  been 
designed  for  safely  testing  projectiles  traveling  at  over  1  km/s.  The  launch  depth  is 
approximately  4m.  The  main  challenges  for  such  experimentation  are  launcher  alignment  and 
triggering  of  various  instrumentation. 

The  research  and  development  team  led  by  NUWC  Division  Newport  included  the 
participation  of  General  Dynamics  Armament  Systems  (the  designer  and  fabricator  of  the 
underwater  launcher),  the  Army  Research  Laboratory,  Cornell  University,  Tracer  Systems 
Engineering,  and  other  organizations. 

Future  development  might  include  tests  at  faster  speeds  over  longer  ranges.  A  more 
comprehensive  physics  modeling  capability  is  also  being  developed. 


Paper  presented  at  an  AGARD  FDP  Workshop  on  “High  Speed  Body  Motion  in  Water", 
held  in  Kiev,  Ukraine,  1-3  September  1997,  and  published  in  R-827. 


Figure  1 

Back-Lit  image  of  a  projectile  launched 
at  supersonic  speeds  underwater 
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Figure  2 

Composite  image  of  a  projectile 
traveling  at  approximately  1220  mis 
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